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la the recent years there has been a considerable amount of 
experimental research actirity in the field of electron paramagnetic reso** 
nance (EPR) in solids* Of primary importance among the materials investi- 
gated have been the single crystals containing the various ions of the 
iron group* But relatively very few resonances of the molecular ion 
in single crystals have been reported. The importance of VO ^ as a 
paramagnetic ion lies in the fact that it has only a single 3d electron, 
resulting in a spin of and only two populated Zeeman energy levels at 
all temperatures* Paramagnetic resonance of this ion with its simple 
energy level structure can act as a useful experimental tool for verifying 

5 

any theoretical calculations* The divalent manganese with its 3d electronic 

6 

configuration has the ground state *Aiich is uneffected by crystalline 

electric fields in the first order* It has, however, long been known that 
a zero field splitting of this state does occur. So the paramagnetic 
resonance data of this ion can provide useful information regarding the 
splitting of the state ions in crystals* 

!nie thesis describes the research mork done by the author on 

2 + . 

the electron paramagnetic resonance of VO in ammonium and potassina 

2+ 2+ 
aluminum alums, VO in methyl amnonium gallium (HAG) alum, VO in 

2+ 

potassium and cesium nitrates, VO in anmonium , sodium and barium nitrates 

24 * 

and Mn in mnoeniiai aluminiw alum* All these systems have been studied 
In the form of single crystals over a wide temperature range (300^ c to-l%°e) 

and interesting results have been obtained on the effect of substitution 

2+ 2+ 

of paramagnetic ions VO and Hn on the structure of alums. and about the 
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2+ 

rotation of VO ion in the nitrates. All the spectra discussed in the 
thesis have been obtained for the first time. 

Chapter I gives an introduction to EPR, The theory and the 
experimental setup used in the present investigations are briefly dis - 
cussed in chapter II. 

2+ 

Chapter III describes the EPR studies of VO ion in ammonium 
and potassium aluminum alums single crystals. In both crystals it is 
observed that ion substitutes for an Al*^^ ion# and forms a §fO(H20>gl 
complex forming a distorted octahedron with an H2O vacancy along the 
V'O bond direction. The octahedron axes are found to coincide with the 
crystallographic < 100 > axes indicating that the presence of VO rotates the 
octahedron axes so as to coincide with the crystallographic axes. The 
formation of the vanadyl pentahydrate complex has been confirmed by taking 
an optical absorption speetrum. By correlating the EPR and optical absorp* 
tion data the covalency rates of bonding between the vanadium atom and 
the equitorial ligands and between the vanadium atom and the vanadyl oxygen 
have been estimated* 

2+ 

Chapter IV describes the EPR studies of VO ion in MAG alum. 

2+ 

As mentioned above* in this system also* VO ion substitutes the trivalent 

3 + 1 2 + 

ion 6a and forms a 0^(826)5] complex* a distorted octahedron with 
an H2O vacancy along VO bond direction. However in this ease the octa* 
hedron cubic axes are found to be displaced from the crystallographic <100> 
axes by 9 ^ in the jlio] plane. The EPR results suggest that the host alum 
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2+ 

probably belongs to|5-type in which the presence of VO twists the octa- 
hedron cubic axis by about 9® from the crystallographic <100> axis. Optical 
absorption studies confim the formation of [VOCHgOlg]^"*”, The covaleney 
rates have been estimated as in the earlier case by correlating the EPR 
and optical absorption data • 

2+ 

Chapter V deals with the 1^ studies of VO ion in potassium 

and cesium nitrate single crystals. Room temperature studies reveal that 

2+ 

there is a very fast readjustment of VO ion, in both crystals, which is 

manifested in the presence of a single Isotropic octet, thereby exhibiting 

a low viscous** liquid like** nature. At low temperatures an anisotropic 

2 + 

spectrum is obtained due to the hindered rotation of VO ion. The line- 
widths at room temperature are found to depend on the m^ quantum number 
and an attempt is made to fit the linewidth data of the present study in 
the theoretical expression of Kivelson. It is found that Kivelson*S 
theory can qualitatively explain the observed variation of linewidth with 
nuclear quantum number m^ but the experimental data could not be fit 
quantitatively into the theory. 

2 +* 

Chapter VI deals with the EPR studies of VO in mnmonium, sodium 
and brarium nitrates. As in the potassium and cesium nitrate crystals 
an isotropic octet is obtained at room temperature in all these crystals. 

As the temperature is lowered anisotropic spectra are obtained which is 

24 * 

again because of the hindered rotation of VO ion in these crystals at 


low temperatures. The temperature, at which the hindered rotation sets in. 
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changes from crystal to crystal • •20®. - 196® and -30®c respectively 

in NH^NO^. Na NO^ and Ba(N0^}2 crystals, A comparison of the present 

2 + 

EPS results with those of VO in KNO^ and CsNO^ is made and the results 
are examined in relation to the recently reported low temperature phase 
transitions in these crystals, A probable phase transition around • 110®c 

24 ^ 

in CsNOg is suggested. This comparison also suggests that VO ion 
probably enters interstitially in Ba(N 02)2 CsNO^ and substitutionally 
in NaN 03 and KNO^. 

2 + 

Chapter VII deals with the j^s studies of Mn ion doped in 

2+ 

ammonium aluminum alum single crystals. At lew concentrations of Mn 

an isotropic sextet is obtained indicating thereby that the site symmetry 
2 + 

at Hn ion is cubic. At higher concentration an orthorhombic spectrum. 

with its z-axis along crystallographic <110> direction, superimposed on 

2+ 

a bread resonance is obtained* This spectrum is due to Mn which subs •» 

titutes and gets associated with a first neighbour ammonium ion 

vacancy along <110> direction. The cubic axes of the octahedron of 
2+ 

waters around Mn are found to coincide with the crystallographic <100> 

2+ 

axes indicating that the presence of Mn probably rotates the octahedron 
axes so as to coincide with the crystallographic axes« 

The different chapters in this thesis are written so as to be 
suitable for publication as articles. They are self contained and self 
explanatory. Therefore repetition of certain things has become unavoidable 
in a few places in the thesis. 



CHAPIEa I 


INTRODOCTION 
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After the development of techniques in microwave generation and 
detection* electron paramagnetic resonance has become a powerful tool of 
research for investigating the low lying energy levels and the effect of 
crystalline fields on the energy levels of paramagnetic ions in solids. 
Paramagnetism occurs whenever a system of charges has a resultant angular 
momentum. This angular momentum is due partly to the orbital motion and 
partly to the intrinsic spin motion with each of which is associated a 
Magnetic dipole moment. Such paramagnetism of electronic origin is found 
in ions having partly filled inner electronic shells as in the transition 
elements. 


Electron paramagnetic resonance consists in observing the 
transitions taking place between tbe electronic Zeeman levels of a para, 
magnetic system under tbe influence of a periodic magnetic field of 
resonance frequency. The method can be illustrated in a simple way as 
follows* If a free ion with a resultant angular momentum 3 is placed 
in a magnetic field H, then its electronic energy levels are given by 
« gpH M* where g is the Lande*s g factor* p is the Bohr magneton and 
M is the component of 3 along the m^netic field direction* If an alter, 
nating microwave field of frequency ^ Is applied at right angles to H, 
magnetic dipole transitions are induced according to the selection rule. 
AM * + 1* «^en the quantum of energy applied « becomes equal to the 
energy level difference between adjacent levels i,e* « g [5 H 

where M* ss H 4- 1* Energy will be absorbed from the microwave field when 
the spin of the electron is flipped from a direction parallel to the 
magnetic field to that of antiparallel direction and there is an induced 
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enission corresponding to tlie reverse process. Even though both the transi- 
tions have the same a priori probability, in a system at thermal equilibrium 
there will be a net absorption of energy because of its greater population In 
lower state. This resonance absof;ption can be detected by the loss of energy 
from the microwave field which causes a damping of the tuned circuit in idiich 
the paramagnetic ion is placed. 

The spectrum of paramagnetic ion when placed in a crystal lattice 
is more complex than that of the simple example described above. If the 
paramagnetic ion is placed in a crystal^ there are strong Interactions 
between it and its surroundings. These interactions are In main, of two 
types (i) interactions between the magnetic dipoles and <ii) interactions 
between the paramagnetic ion and the diamagnetic neighbours. The inter • 
action between the various dipoles is not of any significance here as it 
contributes only to the line broadening of the spectrum that is observed. This 
interaction can be reduced effectively to a small value by using crystals 
diluted with an isomorphous diamagnetic salt. The interaction of paranagnetic 
ion with the diamagnetic neighbours is the main topic of interest here. 

These diamagnetic neighbours called **ligands*' set op strong internal electric 
fields at the site of the paramagnetic ion. The effect of this crystalline 
electric field is to **quench** the orbital motion of the electrons of the 
paramagnetic ion. This quenching of orbital angular momentum can be conceived 
quantum mechanically as follows , The crystalline electric fields split 
the energy levels of the par»iagnetic ion into a number of components. The 
number ef such ccMspenents and the extent of splitting depend critically on 
the symmetry and strength of the field, lb the transition metal compounds 
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of iron group whero there are unfilled 3d electrons, which are responsible 
for the paramagnetism of these compounds t are directly exposed to the 
crystalline field. The crystalline field in these compounds is of moderate 
strength being larger than the spin • orbit coupling but smaller than the 
Coulomb interaction between the electrons. So for these ions the crystalline 
field removes the orbital degeneracy of the energy levels either partially or 
completely, depaiding on its symmetry, thus quenching the orbital motion either 
partially or completely. However the electronic spin with its corresponding 
magnetic moment has no direct interaction with the electrostatic field, and 
remains free to otient itself in an external magnetic field. Thus the 
magnetic properties of. the salts of the iron group correspond substantially 
to **spin only" magnetism. However, when the spin-orbit coupling is included t 
the energy levels will become admixtures of the other orbital states and 
then the magnetic properties of these levels will deviate frinn the spin only 
values. In the rare earth group where the unfilled electronic shell is the 
inner 4f shell, the interaction of the crystalline field with the magnetic 
ion is much less* The paramagnetism of these ions is close to that of free 
ions in a first approximation. 

Due to the quenching of orbital angular momentum of the para* 
magnetic ion in a crystal, the orbital angular momentum of a free Ion and 
that of the ion in a crystal are different in the ground state. As pava * 
magnetic resonance is usually restricted to the ground state of the ion, 
the g<*value obtained here will be different from the free ion g-value. 

Also the magnitude of the orbital part of the magnetic moment depends on 
the crystal field. This will be differsmt for different directions of H 
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and shows an angular variation which follows the symmetry of the crystal field* 
The total g-value (spin plus orbitd is thus anisotropic to the extent which 
depends on the magnitude of the orbital contribution to the magnetic moment 
and on the asymmetry of the crystal field. This anisotropic g«value can be 
described by three principal values g^^ gy and g^ which are measured in three 
perpendicular directions and include the maximum and minimum values* This 
g-value can be written as g » (1 g* + m g_ + n g„) where (l,m,n) are the 

X y jfc 

direction cosines of g with respect to the principal axes of g <x,y*z)« 

In salts where the ground state is an orbital singlet with 

a multiplicity more than 2 in the spin s i or more) the degeneracy of the 

spin levels Is often lifted even in the absence of external magnetic field* 

In the presence of these initial splittings the Zeeman energy levels of the 

ion are not equally spaced and hence the different transitions ( AH ~ + 1) 

will occur at different frequencies. So the spectrum consists of 2H transitions 

and this is called the '*fine structure" of the spectrum. For example the 
4 2+ 

ground state F of V splits in a cubic crystalline field into a lower orbital 
singlet (Ag) and two higher lying triplets (T^ and Tg)* If a small axial field 

4 

is also present, then Ag splits into two Kramers doublets. Due to this zero 
field splitting three fine structure lines are obtained in the paramagnetic 
resonance spectrum of 

If the nnelens of the paranagnetic ion has a spin 1, then due 
to the interaction between the nuclear magnetic moment and electronic magnetic 
moment* each of the electronic energy levels splits into (21 +1) components. 
Hence each fine structure line splits into (21 -Hi) components. This is called 
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hyperfine structure* For exasplet the nuclear spin of vanadium is 7/2 and 
hence each of the three fine structure transitions splits into eight hyperfine 
lines giving a 24 line spectrum for in axial fields. 

The resolution of the lines of a paranagnetic resonance spectrum 
is limited by the width of the lines themselves* The two major causes for 
this linewidtfa are (i) the spin-lattice interaction i.e*« the interaction 
between the paramagnetic ion and the lattice and (ii) the spin « spin 
interaction i*e., the interaction between the various paramagnetic ions 
themselves* 

The scope of the application of this resonance method in physics 
is given below* 

1« The lowest electronic energy levels and therefore the resonance 

spectrum are extremely sensitive to the environment of the paramagnetic 
ion in the crystal. The spectrum may thus provide information about the 
symmetry of the surroundings of the ion and about the nature and strength 
of the bonding between the ion and the ligands* 

2* The study of paramagnetic idns doped in single crystals having 

I^iase transitions can provide useful information about the nature of 
the phase transitions* Hitherto unknown phase transitions can be 
detected by £FR« 

3* Information on the nucleus of the paramagnetic ion can be obtained 

if the resonance spectrum consists of hyperfine structure. For example 
the nuclear spin and approximate values for the nuclear magnetic dipole 
and electric quadrupole moments can be found* 
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The existence of further structure called superhyperflne structure 
will provide useful informntion on the covalency of the paramagnetic ion 
in the lattice* 

S* Under certain conditions the resonance data may be very useful 

in obtaining the bulk properties of the crystals containing paramagnetic 
ions, for example the susceptibility and specific heat* This is especially 
true at very low temperatures, when such properties depend only on the 
energy levels within a few cm"^ of the ground level i.e,, on those levels 
measured by resonance methods, 

6* Since the width of the absorption lines depend on the spino*iattice« 

the spin-spin and exchange interactions, the resonance spectrum gives 
information concerning these factors* 

# # # 

This chapter is based on tbe following books and review articles, 

1, Low t Paramagnetic Resonance in solids (Academic Pres$,New York 
and London 1%0)* 

2* S* A, Al*tshuler and B, H* Kozyrev, Electron Paramagnetic Resonance 
(Academic Press, New York and London 1964 >• 

3* B« Bleaney and K* W. H* Stevens, Reports on Progress in physics 
1^, 106 (1953), 

4* K* D, Bowers and J, Owen, Reports on Progress in Physics JL8,304 (1955), 
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THEOBY OF ELECTRON Pffi.WAGNEl’IC RESONANCE OF 
TRANSITION METAL IONS OF IRON GROUP 
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ABSTRACT 


The theory of electron paraeiagnetic resonance of transition 
netai ions doped in single crystals is developed. A brief discussion 
is presented on the crystalline fields, spin-Hamiltonian formalism, 
fine structure, hyperfine structure, superb yperfine structure and cova- 
lency effects. The essential features of the instrument used in these 
investigations are briefly described. 
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The transition metal ions of the iron group in their divalent 
or multivalent ionic states have the electronic configurations of the type 
(Ar core)^® 3d” ( n = 1, •••10) In which the unfilled shell is now the 
outermost shell. For this reason, the orbital motion of the 3d electrons 
are strongly perturbed by the crystalline field and energies of the order 
of 10,000c» are associated with the coupling of the orbitals with this 
field. The crystalline field is completely external to the ion and has 
a definite symmetry. By knowing this symmetry and by using group theory, 
it is possible to predict the splitting of the energy levels and trans* 
formation properties of the eigenfunctions representing the states. Based 
on experimental data these crystalline fields are divided into three 
classes: 

(i) Weak fields, in which the Stark splittings are small cmnpared 

to the separation between the spin'»orbit multiplets. These occur in 
the case of rare harth Ions adiere the unpaired f electrons are 
shielded by the outer electrons. 

(ii) Medium fields, in vdiich the Staiic splittings are of the sme 

order of magnitude as the intervals between multiplets arising from 
the same electron configuration. These occur in the case of transition 
metal ions of the iron group idiere the unpaired 3d electrons are 
fully exposed to crystalline electric fields. 

(iii) Strong fields, in which the crystalline potential is of the 

same order of the energy of the mutual interaction between the 
electrons. These will occur in the ease of 4d and 5d transition 
metal groups where there is considerable chemical bonding between 
the paranagnetic ion and the ligands. 
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From these relative magnitudes of the crystalline fields and 
the terms in the free ion Haniltonian, it can be seen that perturbation 
theory holds good for 3d and 4f transition group ions intthe calculj^tion 
of the energy levels of these ions in crystalline field. The calculation 
of these energy levels consists in finding out the matrix elements of 
the crystalline potential between the eigen states of the free ion 
Hamiltonian of the paramagnetic ion. 

Excluding the nuclear interactions* which will be discussed later, 
the Hamiltonian for the transition metal ions can be written as 


* 'EL C w Ze^/r. ) + EL , S+ |3 (L+2S),H 

The terms in the Haniltonian are in the decreasing order of magnitude. 
The first three terms are the free Ion terms* zH is the interaction 
with the crystal field* Xl,S is the spin»orbit interaction and the last 
term is the interaction with the external magnetic field. L and S are 
the orbital and spin angular momentum operators. C^|.^is treated as a 
perturbation on the free ion Hamiltonian and can be represented in the 
form. 

- e V(Xj* yj* Zj) 

where V is the potential of the crystalline field and x^* y^ and are 
the coordinates of the i-th electron of the unfilled shell. By assuming 


that the electrons of the paramagnetic ionr isind of the ligands do not 
overlap the potential V satisfies Laplace*s equation v v » 0, Such a 
potential V can be expanded in terms of spherical harmonics t 
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Symmetry arguments will reduce the tetins In this expansion. In the case 
of d electrons terms for which n >4 will vanish, Ihe reason for this 
is that the wave function of the electrons can also be expanded in 
harmonic functions. Matrix elements are of the form ^ ^ 
and are therefore zero for all potentials for which n >21, All terms 
in V with odd n must vanish. The reason for this lies in the fact 
that the product j^ls unchanged by Inversion symmetry whereas the 
potential changes its sign. Finally since V is real • The 

term with n = 0 gives a negligible additive constant which can be set 
equal to zero. To have further simplifications the symmetry of the 
crystalline field is to be taken into account. The spherical harmonic 


has axial symmetry when m = 0« tetragonal symmetry when m » + 4« trigonal 
symmetry idien m > jh 3 and orthorhombic symmetry when m ss + 2* So the 
potential of the fields of different symmetries will become 

’'cMo “ 'S * 

''tetraaon.l “ "2 + «4 + 

»rho.M. = “2 * “2 *«l*^l*4 
where U® * A® r® y® ( © , 0 ) and 




These potentials can be expanded in terms of the coordinates of the 
electron of the paramagnetic ion, putting ® these T/^*s can 
be written as 
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sc (35z^ #• 30i'^z^ + 3r^) 

* (x^-6x^y^V) 

where Bg ssJ^-^S/TTA^ 

B® =(3/l6/7T) A4 
bJ =(3/8)/35^A4 


J2 2 2. . 2 2. 
Vj ss (7z -r )(x -y ) 

Bg = Vl5/2 J(a| 

B4=(3/4)v^7^A4 


The crystal field perturbation ••elVCr.) caused by the presence 

t 1 

of the ligands t destroys the spherical symnetry of the environnent of 

a certain ion. Therefore and L_ no longer commute with the Hamiltonian. 

After the crystal field perturbation is taken into account they may be 

actually replaced by other observables depending on the type of local 
2 

symmetry. S and commute with the crystal field Hamiltonian, which 
does not depend on spin coordinates. Placing the ion in the crystal results 
in the representation becoming reducible and being reduced in 

terms of the irreducible representations of the symmetry group, G ,which 

c 

leaves uachenaed. The splh does oot appear la aad 

only is reduced into irreducible representations Q of 
D- * • ^®s® crystal field splittings of the free ion 

energy levels are obtained group theoritically. To have exact infor- 
mation about the order of the levels one has to calculate the matrix 
elements of the crystal field potential in the form discussed above 
between the free ion levels. Table II « I gives the 3d electronic confi- 
guration, the ground state and the crystalline field splittings of this 
ground state of the transition metal ions of iron group, llalliken*s 



Metftl ion 3d eldciroaie Ground state of Octahedral states and 

configuration the free ion. energies in Dq units. 
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notation is used in designating the crystal field splittings. The EPR 
absorption takes place in the manifold of this lowest level and is des- 

3 

cribed by spin-Baniltonian method developed by pryce and Abragam and 

« 4 

Pryce . 


Spin«4familtonian Formnlation 

Electron paramagnetic resonance is generally observed in the 
ground state of the paramagnetic ion. This lowest group of electronic 
states can be characterised by a single quantum number S* eventhough 
each state is really a complicated mixture of spin and orbital wave- 
functions of the free ion, S* is called the ’’fictltlons*' or " effective 
spin" of the system and is defined by equating 2S* + 1 to the number of 
electronic states in the lowest group. For some ions S* is equal to the 

free ion spin S, for example VO , Ti and Cu , For some other ions 

2 + 24 " 

S* is not equal to S, for example Mn in cyanides and Co , The use 
of an effective spin means that for temperatures where only the (2S*+1) 
lowest electronic energy levels are appreciably populated the paramagnetic 
ion is treated like a magnetic dipole «Aich has (28* -fl) allovred orien- 
tations in an applied magnetic field and each energy level is associated 
with one orientation , But the effective magnetic moment of this dipole 
(and hence the splittings produced by the applied magnetic field) does 
net correspond to the spin only value. It is different by a factor 

g/g tdtexe g is the free electron f value, 

s s 

The lowest energy levels, the multiplicity of idiich is given 
by (2S* + 15, can be described by the use of a *spin-BaMiltonian'* 
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3 4 

introduced by Pryce and Abragsn and pryce * By taking into account the 

first and second order perturbations due to the spin-orbit and the Zeeman 

4 

terms on the crystal field states, Abragam and pryce have shown that ' 
the eigen values will be given by the Hamiltonian 


- SjSj + 2 f5 ( HjSj 



Lj jo) 

j* _ ^ ^ 


where a .. . 

^ =Aj^ E^-E 


lo) is the lowest crystal field level among the Zeeman components of 
which EPR absorption Is taking place and \'v\-)is any high lying crystal 
field level. This Hamiltonian is usually expressed as 


§ .0 .S + pH .g .S 

where g and 0 are symmetric tensors given by the expressions 

SC •“ 

Dy a (- A^‘ ) and g. j * 2 ( S;J • 

When the crystalline field is having an axial symmetry, the Hamiltonian 
in the principal axis system of the g-tensor can be written as 

P 9|,®j Sz * \ * "y ®y' * "l®z 

When the crystalline field has an orthorhombic component a tern of the 
2 2 

type E (S •• S ) is added to this Hamiltonian, together with the coeffi- 

X J 

dents g„ and g„ to replace g, * The constants g_t g • g t D and E can be 

X y ^ X y 35 

obtained emperically from the EFR spectrum. Apart from the axial and 
rhombic terns which are quadratic in spin variables. Van Vleck and 

5 

Penney had shown that a third order effect arising from the coupling 
of tetragonal field and the spin-orbit interaction would also give a 
similar spin dependence. The interaction via cubic field gives a tern 



17 


proportional to + Sg + » S^. Sg and being components referred 

to the cubic axes, but because of the higher order coupling involved, the 
coefficient Is small. 

The fine structure part of the spin-Haniltonian of an orthorhombic 
syimnetry can be written as^ 

+(a/6 )|Sj + $2 + Sg - (1/5)S(S+1) (3S^ + 3S-1)] 

+ D [s^ -(1/3)S(S+1)] 

+ F [35 - 30 S(S+1) - 6S(S+1) + 3S^ (S+1)^J 

+ E(s^-Sy) a) 

Here”a'ls the coefficient of the cubic field terms whose axes are represented 
by 1,2 and 3. 0 and F are the coefficients of second and fourth order axial 
terms and E is the coefficient of orthorhombic terms. The axes of these 
terms are represented by x,y and z« These fine structure constants are 
related to ^*s by the equations^ 

D * SB® 

3a + 2F =* 360 
5a = 120 
2 

E S= Bg . 

The importance of the spin-Hamiltonian lies in the fact that its employment 
mahes it possible to give a description of the resonance properties of an 
ion in terms of a small number of constants. 
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Hyperfine structure 

If the nucleus of the paramagnetic ion has a nuclear spin I then 

4 

there exists a magnetic interaction between the nuclear and electronic spins. 
Since the nucleus has (21 + 1) orientations in the magnetic field arising 
from each of the (2S + 1) orientations of the electronic monentt each electro- 
nic level is subdivided into (21 + l) components. The selection rule for 
the transition between these levels is Am^ =0, The physical reason for 
this selection rule is that the microwave field exerts negligible effect 
on the nuclear moment so that its orientation does not change in an electronic 
transition. So each of the fine structure lines splits into (21 + 1) hyperfine 
components. This hyperfine interaction is written as 




r s^).i + 3(rj,. \) (r^. I) ’ 

' * 


Lk| 

3 5 ‘ 

- ^1, '' 


+ (8^/3) 8(r^) (V I) ] 

Here |^and refer to the nuclear magneton and nuclear gyromagnetic ratio 
respectively. The first terra in the square brackets describes the dipolar 

interaction between the nuclear and electronic magnetic moments. The second 

8 

tent) denotes the anomalous interaction of S electrons with the nuclear spin • 

4 

From the results of paramagnetic resonance it is observed that in transi- 
tion elements this configurational interaction Involving unpaired S electrons 
is of importance and contributes considerably to the hyperfine splitting. 

In a principal axes system in which the hyperfine interaction tensor A 1$ 
diagonal* this Hamiltonian can be written as 
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-I, I, S 

In order to take into effect the hyperfine interaction these terms are to 
be added to the spin-Hamiltonian (1), 

The distortion in the crystalline field will also determine the 
anisotropy in the hyperfine interaction and hence the principal axes of k 

9 

and the crystalline field tensors will be identical « The principal axes 
of the g tensor need not coincide with that of the A tensor, eventhough 
they usually do so in many systems, liUhen these two axes do not coincide 
additional terms of the form^*^ 

SFy [S,Ij . I, Sj] 

need to be Included. If the z axes coincide and the x, y principal axes 

do not, the off-diagonal terms then contain only the products S I and 

X y 

S I . In this case the observed hyperfine constants A, B , B , F 

y )X x« y 3cy 

(F as F # since the tensor is syiranetric) are related to the diagonal values 
xy yx 

of the hyperfine tensor 

A = 

z 

2 . 2 

B * A„ cos e + A„ sin e 
2 2 

By = sin © + Ay cos © 

F = F^ =s (A^ * A^) sin© cos © 
xy yx y x 

where e is the angle between the principal ax9s of the two tensors. If the 
principal axes of the g and A tensors coincide, the extrema for all the 
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hyperfine lines occur at the sane angle and if they do not, they occur 
at different angles for different hyperfine lines. This has been predicted 
and observed by Borcherts and Kikuchi^^ in doped in Tntton salt. 

Nuclear quadrupole effects 

If the nucleus of the paramagnetic ion has an electric cpiadrupole 
moment Q and if it is in an electric field gradient ^^2 • there exists 
an electrostatic interaction between these two. This interaction is given 
by 

0/21(1-1)] J^I(I+l)/r^ ** 3(rj. 

This is represented in the operator form as 

0* [l^ -(1/3) KI+d] + 0" (I^ - (2) 

where Q» = Kfe Q/I(2I-l)]v„ 

zz 

and Q” a %[e Q/I(2I-1)] ( ) 

where V # V and V are the principal values of the electric field 

XX jTj ZZ 

gradient tensor. The effect of this quadrupole interaction results in the 
appearence of transitions in which the nuclear quantum number m^ changes 
by one or two. The physical reason for the occurrence of such **forbidden 
transitions** is that the quadrupole Interaction tries to align the nucleus 
along the symmetry axis, artiereas the magnetic field established by the 
electrons tries to align the nucleus nearby, at right angles to the synmsetry 
axis. The selection rules then are broken down since several nuclear states 
become admixed. The reason for this break down lies in the off-diagonal 
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terns giving rise to transitions for which Amj =* + 1 and Annj * + 2* 

11 

Bleaney has derived formulae for these transitions* In order to take 
into effect the quadrupole interaction the terms given in (2) have to be 
added to spin-Hamiltonian (1)* 

Superhyperfine structure 

If the electrons of the paramagnetic ion and the ligands overlap 

with each other there can exist a magnetic interaction between the 

electronic spin of the ion and the nuclear spin of the ligands. In such 

a case • each of the byperfine levels of the paramagnetic ion splits into 

<21^ + 1)# vAtere Ij^ is the total nuclear spin of the equivalent ligands. 

The selection rule for the transition between these levels is 

and so each of the hyperflne lines splits into (21^^ + 1) components* This 

structure is called **superhyperfine structure"and is first observed by 
12 

Owen and Steves in ammonium chloroiridate. Later on« this has been 

X3 14 

observed by several workers* * , This structure appears in mostly 

covalent systems and the other effects of this covalency are 

15 

(i) an increase in fine structure parameters 

(ii) a reduction in the magnitude of byperfine constant* 

17 

(iii) a change in the orbital contribution to the observed g-value . 

In order to take into effect the superhyperfine interaction a 
term of the type Ij, idiere N is the number of surrounding 

ligands« has to be added to spin<^aniltoaian (1), 


After adding the above described terns to spin-Hamiltonlan (1) 
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it will be a general Hamiltonian of orthorhombic symmetry. In the case 
of axial symmetry 

9x = 9y = 



E « 0 


and Q” * 0 

2+ 

Application of the general spin-Hamiltonian for special cases of VO and 

24 * 

Mn is discussed in corresponding chapters of this thesis. 

Instrumentation 

The equipment used in the present study is a Varian V<>4502 
X-band EPR spectrometer system, with a Varian V*4540 model variable tem- 
perature accessory. A simplified block diagram of the system is given 
in Figure II - I, The description of the instrument and details of 
operation can be found elsewhere^^*^^. Essential features are described 
below, 

A klystron oscillator generates a microwave power of SOOmW 
Operating at a frequency 9,5 GHz* This microwave power after being 
attenuated to lmW« is fed to a resonant microwave cavity. The klystron 

can be looked to the resonant freqiency of the cavity within one part in 

h 

10 by using an automatic frequency control (AFC) locking system. The 
cavity is connected to one end of a hybrid tee , the other arm of idiich 
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contains a dummy load. The hybrid tee essentially acts as a bridge circuit 
for microwave power, and the bridge can be adjusted for balance in the 
absence of resonance absorption. When the resonance occurs, power is absorbed 
from the cavity. This energy change unbalances the microwave bridge and 
results in energy reaching the crystal detector. 

The d.c, magnetic field at the sample position is modulated at 
100 KHz nsing.la-sfet of Helmholtz coils mounted on the cavity walls. The 
EPR signal information reaching the crystal detector appears as an a.c, 
modulation on the power reflected from the sample cavity. The signal is 
then amplified and phase detected and is applied to a graphic recorder for 
display. 


The magnet used for this experiment is a Varian 9 inch magnet 
operated at an air gap of 2,675 inches in the middle. It provides a very 
hmnogeneous magnetic field(within 15 mllligauss over the sample region for 
a field intensity of about 3400 gauss) which can be varied from near zero 
to about 10 Kilogauss over the smnple region. 

In order to determine the magnetic field accurately diphj»nyl« 
picryhydrwiil (DPPH) is placed in the cavity at the site of the sample. 
Since the g*»value of DPPH is knoxvn to be 2,0(^9 the exact field at 
the sample site is determined from the resonance condition. The microwave 
frequency is measured, by Model 8370AH Beckman Universal EPUT and Timer , 
attached to Model 7571 Beckman lO-llOMC converter, to an accuracy of I 
cycle in 10^ • 
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The sensitivity of the spectrometer is 2 x 10^^ AH where iiH 
is the line width in gauss at half maximum absorption. 
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CHAPTER in 

9 + 

ELECTl^ON PARAMAGNETIC HESCN^.'CE ST'IOT •;$ OF VO DOPED IN 
KAl(S0^)2a2!]20 AND NH^A1CS0^)2«12H20 GIN3LE CRYTI'AL^* 
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ABSTOflCT 

9 + 

The electron paramagnetic resonance spectra of VO" ion doped 
in potassium aluminum and ammonium aluminum alums single crystals are 
studied. In both crystals it is observed that VO' ion substitutes for 

5^*1* V O ,i|m 

an A1 ion, and forms a [V0(H20)gJ complex, forming a distorted octa - 
hedron with an HgO vacancy along the VO bond direction. The octahedron 
axes are found to coincide with the crystallographic <100> axes indicating 
that the presence of VO rotates the octahedron axes so as to coincide with 
the crystallographic axes. The formation of the vanadyl pentahydrate 
complex has been further confirmed by taking an optical absorption spectrum. 
By correlating the EHl and the optical absorption data the covalency rates 
of iT -bonding between the vanadium atom and the equitorial ligands and 
of the 3T -bonding between the vanadium atom and the vanadyl oxygen have 
been estimated. 
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Introduction 

Alums containing paramagnetic impurities have been the subject 

of investigations from several points of view since the early days of 

electron paramagnetic resonance CEPR). Earlier EPR investigations in 

12 3 

potassium chrome alum and ammonium chrome alum * * have lead to a new 

understanding of the structure of alum$» This chapter deals with the 
2+ 

EPR studies of VO ion doped in potassium aluminium(KAl ) and ammonium 

aluminium (NH^Al) alums single crystals. The recent studies of Sastry 

4 2+ 

and Venkateswarlu and the work described in chapter V show that VO 

entering NH^Cl.KNO^ and CsNO^ single crystals, can reorient Its bond 

freely resulting in a random distribution of the V-C bond axis, whereas 

2+ 5 

the EPR studies of VO in Tutton salt by Borcherts and Kikuchi show 

that there is a formation of a distorted octahedron of oxygens about 

44 * 

V , the distortion being in the V-0 bond direction. The recent EPR 
2 + 

studies of VD in rubidium aluminum (Rb Al) and cesium aluminium (Cs AD 

6 3-l' 

alums by Manoogian and Maekinnon” show how the presence of VO effects 

24 * 

the structure of the host lattices. The present EPR studies of VO 
id potassium aluminimi and ammonium aluminum alums have been taken up to 
get information about the structure of the vanadyl complex in the 
respective single crystals and also about the effect of VO on the structure 
of these alums. 

Structure of alums 

7 

The structure of alums has been determined by Lipson and Beevers ; 
8 

and Lipson • The alums belong to the cubic system and posses point symmetry 
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"^li ~ • There are four formula units per unit cell. The ions and 

n 

molecules can be arranged in three slightly different ways within the 

cubic lattice. These three ways of arrangement have been named 

and ‘^structures* Potassium aluminum and ammonium aluminum alums belong 

to«4~type of alums. In this type of structure half of the waters form 

regular octahedra around aluminum and each of these waters makes external 

bonds with one oxygen of the (SO^) group and the potassium water. These 

two bonds and the one from water to aluminium are almost coplanar. Each 

of the remaining water molecules links two oxygens of the (SO^) group, 

one aluminum water and one potassium at<Mi, the arrangement of the bonds 

being approximately tetrahedral. The structure of ,c-type of alums and 

the bonds between the different ions and the water molecules are shown 
7 8 

in Figure III-I * , In oC-type of alums the <111> axes of the octahedron 
coincide with the <111> axes of the crystal, but the cubic axes of the 
octahedron are displaced from the crystal cubic axes by a rotation about 
the <111> direction. Upson obtains a rotation angle of 9,5® for 
/-type of alums. The octahedron may be said to have a small trigonal dis- 
tortion along the crystallographic <lll> direction, 

potassium aluminum alum has been found to have a gradual phase 
Q 0 

transition around l6o K vdiile ammonium aluminum alum has been found 

9 o 

to have a sudden transition around 80 K. The actual mechanism of these 
phase transformations has not been discussed in the literature. 

Theory 


A tetravalent vanadium ion with outer electronic configuration 
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FIGURE III-I (a)* Crystal structure of oC-type of alums, 

Cb), Electrostatic bonding details in the oG-type of 
alums. 
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I 2+ 

3d exists in most stable form as VO , the binding with the oxygen being 

highly covalent. The LCAO-MO description of this molecular ion in the 

complex [V 0 (H 20 )g]^^had shown^^*^^ that the unpaired d electron occupies 

a non-bonding b„ type of vanadium orbital (3d ) and the lowest state 

xy 

becomes an orbital singlet. The molecular orbital scheme for [v0(H2O)g] 

given by Ballhausen and Gray^^ is shown in Figure Dae to the 

5l 

magnetic Interaction with the vanadium (I of V == 7/2) the EPR spectrum 

shows a characteristic eight line hyperflne structure. The g-factor , the 

value of which is close to g « the free electron g-value, is however 

0 

iQl # 

anisotropic because of the proximity of e^ and b^ levels to the b 2 level. 

Ox 

The EPR spectrum of VO when having a tetragonal site symmetry can be 

12 

described by a spin-Hamlltonian of the type 


«. p B, + Sj. (5 ffl, s^) + + B ...(1) 

12 

a solution of which gives the magnetic field resonance values by 


H = H 




0 Zl 


. 2 2 2 2 „ « „ 


# * • ^ 


2H^g^ K V 


where g^=g^ cos^e + g^ sin^e .H^ = h^ and K^g^» A^g^ cos^© + 


in which 0 is the angle between the z-axis and the direction of the 
magnetic field. 
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FI SURE III-II. 


Molecular orbital scheme for [V0(H20)g] 


2+ 



3t|0 




3? 


!^Etq)eriseatal praeeduro 

Single eryttnls of potassina almslBlua md aasnoaiuia sluminuia 
2 -*- 

eltma doped nltk W are groem lijr slow etraporatioa of the saturated 
solatiao of tkt eorrespoadlBg aim to t^ieli 1 sole % by woigbt of ran^yl 
sttlpliate ts added at sa ta^rity • Tlte iastruiBeat used in the present 
investigatioas It briefly deserlbed la chapter H* A Cary-14 speetro- 
photoiMter Is ated to record the optical ahserptioa speetrati. 

Sesaltt ^d dlteattioa 

O-f 

The epeotra of TO <toped la potassioa olmiBiaa alua and 

amoaiiBi alwIauB alua single erystalst recorded at 425% are shows 

retpeetively la Figures III-IIl and III-IV. these spectra consist of 

slxteea llaes. la sBrsoaium alualBiw alua the laner group of eight lines 

has approxiBsiely double the iatessity of the eater group. The angular 

variatioa of the spectnai in the [lOo] plaae of in the potassltus 

eloaiatfls alaa is shows is Figure IIl-V which ts siollar to the one 

6 2 +* 

obtalsed by B^ogiaa and Had^inaos for the VO in the rubldiiaa 
eluaisuB alusi. This atgulor variation study shows that the lines 
occur is three groups of oetets. It is to be noted is this figore that 
two of the groups are found to be angular dependent , tdiile the third 
group does set shew any variation in this plane. Further, along a 
crystallographic <1G0> direction, two of the groups of lines collapse 
into a single grwp to give a tsinieuai separation, while the third group 
has a BaxiauB separation. The angular variation in wnnsonium aluminum alum 
is similar to that in the potaasimn altaintas alra. 
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24* 

FIGURE III-III, EPS spectrum of VO ion doped in potassium alum 

single crystals at +25*^3 vntli the magnetic field 
making an angle of 1/2® with <100> axis. The 
lines marked "a” are parallel transHions and the 
lines marked ”b*’ r>re perpendicular transitions. 
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2+ 

FISUPiS III-IV, Tlie EP2 spectrum of VO Ion doped in ammonium nlum 
single crystals nt +25^0 vnth <100> direction 
parallel to !I. Linos marked "a" ajo parallel tr-'tosi- 
tions. Lines marked ”b’* are perpendicular trmsitions. 
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FISURE III-V, Angular variation of the EPR speetr.jm of VO*" ion doped 
in the potassium alum single crystal in the [I^d] plane. 
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The angular variation suggests that the spectrum is due to 

2+ 

a VO complex in a tetragonal symmetry having its symmetry axis 

2 ‘ 4 " 

along the crystal lographic <100> direction, 'jtfhen VO enters potassium 

aluminum alum or ammonium aluminum alum it can go in substitutionally 

either at K^(or site or at Al^^ site, Tf it goes to site 

the symmetry axis can not be the < 100> direction, as the K-to-K-nvater 

bond is very much away from the <100> axis (see Fig, Xll-Ib), However, 

when VO enters the lattice substitutionally at an Al site, V will 
3+ 2*" 

be at the Al site, associated with 0 along one of the octahedron 

axes. As [vO (H 2 O )gl ^’*’i s found to be highly stable when incorporated 

3+ 

substitutionally at Al site, it creates an HgO vacancy along the 

V-0 bond direction thereby forming the stable vanadyl pentahydrate, 

6 

Further the V-O bond length is shorter than the bond lengths between 

4 4* 

V and the water molecules and this probably causes a strong axial 
distortion in the V-C bond direction. In an oriented vanadyl pentahydrate 
complex there will be three possible mutually perpendicular directions 
for the V-0 bond, one direction along each of the octahedron axes. So 
the twenty four lines which appear wrtien the magnetic field makes an 
angle with the symmetry axis are probably due to the three vanadyl ions 
having their V-C bond in the three mutually perpendicular directions * 

When H is parallel to the <100> axis one third of the VO^^ions 
will have their symmetry axes parallel to H idiile two thirds of than 
will have their symmetry axes perpendicular to H because of the magnetic 
equivalence of the two perpendicular directions. Thus in this orientation 
the perpendicular components (6^=90®) will be expected to be twice as 
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0 

intense as those of the parallel components ( 9 =0 ) provided the intensity 

of a line corresponding to an ion with 6=0® is s?(ne as that of the one 

with 0=90**, It appears that this expectation is nearly satisfied in the 
2+ 

case of VO in ammonium aluminium alum where the perpendicular components 

marked'^ '‘in Figure III-IV are in general nearly twice as intense as the 

corresponding parallel components m8rked”a"in the Figure, However there is 

no marked diff erence in the intensities of the parallel and perpendicular 

2 + . 

components in Figure III-III which represents the spectrum of VO in 
potassium aluminum alum. It has been observed that the perpendicular lines 
in both alums split into two, even when H makes a small deviation from the 
<100> direction of the crystal. It can be seen that all the lines marked 
b show a small splitting in Figure III-III which represents the spectrum of 
VO ^ in potassium aluminum ali>ra with H deviated from the <100^ direction by 
about 0,5® in the [lOo] plane. 

Since the symmetry axis has been found to coincide with the 

StHh 3'4" 

crystallographic <10Q> direction, the substitution of VO for Al' ion 

appears to rotate the octahedron in such a way that its cubic axes coincide 

2 + 

with the crystallographic cubic axes, A similar effect was found in VO 

6 

doped in rubidium aluminum alum , In case the cubic axes of the octahedron 
do not coincide v.ith the crystallographic cubic axes then in the [lio] 

plane each of the lines should split into four, and a maximum separation 
should be obtained at an angle of 9® from <100> direction in a [ll(^ plane* 
As the angular variation in the plane does not show this type of 

splitting and separation, it has been concluded that the octahedron cubic 
axes coincide with the crystallographic cubic axes. 
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34* 

When the VO ion substitutes for an Al ion, due to charge 
imbalance some lattice defects may be created* It was however not possible 
to observe the effect of these defects in the present experiments* 

The EPa spectra are analysed by using equations (2) and the 
spin-Hemiltonian constants are given in Table III-I, For comparison, 
the spin-Hamiltonian constants of VO ion in other oriented complexes 
are also included in Table III-I. It can be seen from Table III-I that 
the spin-Haniltonian constants obtained in the present study are nearly 
equal to those reported for LVOlHgOlg] in Tutton salt and alums , 

The existence of [vOdlgOlg]^^ complex has been farther confirmed 

24 * 

by taking the optical absorption spectrum of VO in both alums. The 

spectra in both alums are essentially similar and consist of two bands, 

—1 —1 

one at 13000cm and the other at iSToOcm , which have been attributed 

lo ♦ # 

by Ballhausen and Gray to the b 2 -» and bg-^ b^^ transitions of 
[^V0(n20)gl From the second transition the value of Dq turns out 
to be ^ iSTOcm*"^, 


the expressions 


Mie Epa and optical absorption data can be correlated by using 
13 


9 . = 9 


e 


= % 




AECbg-^ 6:1^) j 


^1- 4 




The weaker the covalent character of the bonding, the closer are the 



spin-4^8ptiltoiiian constants of VO in different lattices 
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values of the coefficients of oC^and ‘7^0 unity* The expressions (l-oC^ ) 

2 

and (1»7 ) are the covalency rates. The former gives an indication of 
the influence of the ^bonding between the vanadium ion and the equi>torfel 
ligands, while the latter indicates the influence of the ^-bonding between 
the vanadium ion and the vanadyl oxygen. 

By substituting the values of * gj^ , aE e^^ ) and 

AECb^"^ bj ) and knoiving one can get a reasonably good idea about 
the measure of the covalency rates (l<»oC^) and (1-1^3, However, the 
magnitude of the spin-orbit coupling constant can not be selected with 
rigour. Several authors^^*^^*^^ have chosen the value of ^between 
135cni“^ to 2oocm*’^, which yield reasonable results. Klvelson and Lee 
have however shown from their EPS analysis of in Ge02* that it 
seems unlikely that ^ < 170cm * In the present calculations, the value 

of has been chosen to be I70cm**^, Substitution of the values of g * 

6 

and the experimental values g„ , andAE*s yields (l-oG^) = 0.28 and 
(I- 7^3 = 0,07 in the ammonium aluminum alum and (1-cC^ ) ==0,23 and 
(!• 7^3 = 0,03 In the potassium aluminum alum showing that the covalency 
rate of the r-bonding is very much greater than that of the 3T»bonding 
in both alums, 

2+ 

The spectra of VO in both alums have been studied in the 
temperature range + 25®c to-l80°c to study the effect of the phase 
transition. There is no essential change in the spectra and the hyperflne 
constants and g-values also have been found to be essentially constant 
over the temperature range. 



49 


References 

1* C* A, Whitmer, R, T, Weidner* J,S, Isiang and P,R, Weiss, 

Phys. Rev, 74, 1478 (1948), 

2, D.M.S, Bagguley and Griffiths, Proc, Roy. Soc. (London) 

A204 , 188 (1951), 

3, C,A, Whitmer, S.T, Weidner and P.R, Weiss, Phys. Rev, 73,1468(1948), 

4, M, Da Sastry and p, Venkateswarlu, Mol, Phys, 161 (1967), 

5, R, H, Borcherts and C, Kikuchi, J, Chem, phys, 40 , 2270 (1964), 

6, A, Manoogian and J, A, Mackinnon, Can, J. Phys, 45, 2769(1%7), 

7, H, Lipson and C,A* Beevers, Proc. Boy, Soc. (London), A148 ,664(1935), 

8, H, Lipson, proc, Roy. Soc, (London) Al5l, 347 (1935), 

9, D,L. Kraus and G.C. Nutting. J, Chem, phys. 9, 133 (1941), 

10, C,J, Ballhausen and H,B, Grsc?, Inorg, Chem, 1., Ill (1962), 

11, K, De Armond, B,B, Garrett and H.S. Gutowsky * J, Chem, Phys, 42 , 

1019 (1965). 

12, B, Bleaney, Phil, Mag. 42, 447 (1951), 

13, J, M, Assour, J, Goldmacher and S,E. Barrison, J, Chem. phys, 

43, 159 (1%5). 

14, M, Roberts, W.S. Koski and W.S. Caughey, J. Chem. Phys, 34.591(1961), 

15, D, KIvelson and S. K. Lee, J. Chem. Phys. £1, 1898(1%4). 

16, H, J, Gerritsen and H. R, Lewis, Phys, Rev . 119 , lolO (I960). 

17, I, Siegel, Phys, Rev, A193 (1964), 



CH«PTS> TV 


FXliC7,'.0N P;^ : f?aS0N'7'r,S STUDIES OF VO“ WiU IN 

3, Hi 


MS'fli'YL «KONIiJIC GALLIUM ALUM SINGLE CRY ST 1 




“$8 

A pnpor br>sed on t’nc -"ork described in this chapter has been 
accepted for publication in J, Chafn. Phys* 



51 


ABSTRACT 

2+ 

The electron paramagnetic resonance of the VO Ion in methyl 

anrnonium gallium alum single crystals has been studied. It is observed 

that the VO ion substitutes for the Ga ion and forms a [V0(H20)gJ 

complex « a distorted octahedron with a HgO vacancy along V-0 bond direction. 

The octahedron cubic axes are found to be displaced from crystallographic 

<100> axes by 9° in [ll(^ plane. The EPR results suggest that the host 

2 + 

alum probably belongs to j3-type, in which the presence of VO twists 
the octahedron cubic axes by about 9® from the crystallographic <100> axes. 
Optical absorption studies confirm the formation of [vOCHgOlg] , By 
correlating the EPR and optical absorption data, the covalency rates of 
<r-bonding between the vanadium atom and equitorial ligands, and of the 
n-bonding between vanadium atom and the vanadyl oxygen, have been 
estimated. 
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Introduction 

2 + 1 

Earlier studies on VO in NH^Cl and the work described in 

chapter V on VO in KNO^ and CsNO^ show that the paramagnetic resonance 
2 + 

spectrum of VO ion in these crystals is independent of the orientation 

of the crystal with respect to the magnetic field direction, indicating 

that there is no preferred orientation of the V-0 bond axis in these 

crystals. On the other hand, the work described in the earlier chapter on 
2+ 

VO in potassium aluminum (KAl) and ammonium aluminum (NH^Al) alums, the 

2 

work of Hanoogian and Mackinnon on rubidium aluminum (SbAl) and cesium 

3 

aluminum (CsAl) alums and that of Borcherts and Kikuchi on Tutton salt, 

show that it is strongly angular dependent indicating the existence of 

4-7 

preferred orientation of V-0 bond. Earlier studies of transition metal 

ions in alum single crystals, have given interesting information about 

2 

the structure of alums. The work of Manoogian and Mackinnon and the 

2+ 

work described in chapter III show how the presence of VO effects the 

structure of the host lattices. The present work on methyl ammonium gallium 

24 ’ 

(MAG) alum doped with VO has been taken up to get information about the 
effect of VO on the structure of the alum and also about the structure 
of the vanadyl complex in the crystal. It was hoped also that a comparison 
of the results obtained in this alum with those known in other alums might 
give some indication about its structure ( oC , [5 or T ), 
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Structure of alums 

The structure of oC^type of alums is described in chapter III* 
The |5 alums are described as having perfectly regilar groups of water 
molecules, the axes of the octahedron being directed along the cubic 
axes of the crystal. 

The family to which MAG alum belongs has not been given in 
, 8 

literature , The KAl, RbAl, and PJH^Al alums belong to the oG- type while 

2+ 2 

CsAl alum belongs to the ^-type. Studies of VO in RbAl and CsAl alums 

2+ 

and the work described in the earlier chapter on VO in KAl and NH^Al 

alums show that the behaviour of paramagnetic resonance in the oC-type 

alums is different from that in pi- type alums, A comparison of the EPR 
2 + 

of VO in these crystals with that in MAG alum will be made in the 
latter part of this chapter. 

Experimental procedure 

24 “ 

single crystals of MAG alum doped with VO ion are grown 
by slow evaporation of the saturated solution of the alum to which 0*5 
mole percent by weight of vanadyl sulphate is added as an impurity , 

The crystals are found to grow as octahedrons with well defined [ill] 
planes in the usual habit of other alums. The resnaining experimental 
details are same as those given in chapter II, 
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Results and discussion 

2"f 

The EPR spectrum of VO ion doped in MAG alum single crystalSt 
recorded at +25°c, along the crystallographic <100> direction is shovsn in 
Figure IV-I. The angular variation of the spectrum is studied in both 
[lOOj and [ll(^ planes. When the magnetic field angle is varied in a 
[lOO] plane, each of the resonance lines which appeared single in a 
crystallogrphic <100> direction splits into two, and when the angle is 
varied in a [lio] plane, the lines split into four, the magnitude of the 
splitting being different for different lines, A maximum separation for 
one set of lines is found at an angle of 9° frwn the crystallographic <100> 
direction in [lioj plane. The EPR spectrum of VO^^ ion in this alum at 
an angle of 9® from crystallographic <100> direction in [lio] plane, is 
shown in Figure IV-II, 

The results obtained can be well understood if one assumes that 

substitutes Ga^^ ion in the crystal and forms a [vOCHgOlg]^^ complex , 

a distorted octahedron with a H 2 O vacancy along with VO bond direction as 

2 

in the case of the RbAl and CsAl alums and NH^Al and KAl alwns (Chapter III). 

2+ 

It has been found in these alums that the presence of VO rotates the 
octahedron of water molecules by 8 to 9° from its original position about 
the <111> axis. 

In the case of the RbAl^, KAl and NH^Al alums (Chapter III) 
which belong to the oC-type of alums, the V-0 bond direction coincides 
with one of the cubic axes of the crystal, while it makes an angle of 
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FIGURE IV~I* EPR spectrum of VC” ion floped in M".G nlum with the moanetic 

0 

field "lonj the cryst-'llog raphic <10( > direction at +25 C, 

O,}. 

Lines marked '*a'* are due to the transitions of VO ’on having 

0 

the V-0 bond -it an angle of 9 vjith the maijnotic field and those 

2 + 

marked "b‘* are due to transitions of VO’ ion having its bond 
at an angle of 90 + 9^ with the magnetic field direction. 
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2+ 

FTGUT'E IV-II, EPS sncntriin of VO ion eloped in WAG nlun ’vith i,ho nir'-mctic 

field making angle of 9^ from tUe cryst,r'llog\'!v h 'C 

direction in the [ll- )] plane at +25^7, f.inns mr'-»'ked "a** 

2+ 

are due to the transitions of VO ion having the V-O bond 

along the direction of the magnetic fiold« nnd those marked 

2*f 

ere due to trnnsit1o:B of VO"" ion hnving itr: bond 

perpendicular to magnetic field direction. 
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about 8® with the cubic axis in the case of the CsAl alum^ which belongs 

to |2)-type. The angular variation of the spectrum of in M.\G alum in 

the [llo] and [lOo] planes is found to be exactly similar to that in the 
2 

CsAl alum suggesting that the MAG alum probably corresponds to the^type 
of alums. Methyl ammonium aluminum (MAA) and methyl ammonium chromium 
(MAC) alums belong to the |2)-type. The indication that the MAG alum belongs 
to the ^-type as the MAA and MAC alums is consistent with the suggestion 

9 

of Lipson and Beevers that the size of the monovalent ion Is ’’solely 

responsible" for the behaviour of alums. However the size of the tri valent 

ion is also known^^ to play an important role since RbCr and CsCr alums 

are both of type while 8bAl belongs to ^r-type and CsAl to ^-type. 

The EPR experiments also show how the alums are effected by the substitution 
2 + 

of VO in the place of the trivalent ions. It appears that the sizes 
of both trivalent and monovalent ions in the alums are jointly responsible 
for the behaviour of alums, 

2 + 

As the maximum spread of the EPR spectriira of VO is obtained 
when H makes an angle of 9° with <1{X)> axis in the [ll(^ plane it Is 
likely that the V-0 bond lies in that direction, or nearly about that 
direction. If pure MAG alum crystal belongs to the j2>-type of alums the 

cubic axes of the octahedron of waters and those of the crystal coincide, 

24 * 34 * 

but the substitution of VO at Ga site probably twists the octahedron 
in such a way that its cubic axes are displaced by about 9® with respect 
to those of the crystal making the V-0 bond lie nearly in a [liol plane 
at an angle of about 9 ° from the crystallographic <100> axis. In such a 
model there will be four positions of the V-O bond direction that will be 
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displaced by about 9° from <100> direction^*^. Along a <100> direction 

all four positions are equivalent and tbe spectrum obtained is as shown 

in Figure IV-I* where the lines marked **a** correspond to 9*^ while those 

marked ”b’* correspond to 90° + 9®, When the magnetic field is along a 

V“0 bond direction there are three other V-0 bond directions making different 

angles with the field direction and the lines are expected ’ to split into 

four (Figure IV-II). It is clear from Figure IV-II that all the lines 

are not uniformly split. The lines with m^ = -7/2, -5/2* -3/2 and +7/2 

can be clearly seen in the Figure to be split into four but the mutual 

separation of the ccmiponents is different in all the lines. This suggests 

that the splitting is dependent not only on 6 but probably also on the 

value of mj. This dependence of splitting comes probably due to the 

differences in angular dependence of different hyperfine transitions. The 

angular sensitivity of any line can be clearly seen from the slopes of H 

(magnetic field resonance values) versus 6 curves for different transitions 

(see Figure Ill-V for such curves). By differentiating equation (2) of 

chapter III one can easily see that the slopes depend upon m^* through a 

2 

formula of the type + a^ m^ + m^* where a*s contain A and B, A 

careful exanination of the splittings of the lines clearly shows that they 
indeed follow this m^. dependence which results in a better resolution of 
lines of largest mj.. 

When H is parallel to a crystallographic <100> direction, one 

24 * 

third of the VO ions will have their symmetry axis making an angle of 9 
with H while two thirds of them will have their symmetry axis making an 
angle of 90 + 9° with H, Thus in this orientation the lines marked ’’b*' 
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in Figure IV-I will be expected to be twice as intense as those of the 

lines marked "a” provided the intensity of a line corresponding to an ion 

with 0=9*^ is the same as that of the one with ©=^0 + 9°, However, from 

Figure IV-I there is no marked difference in the intensities in the lines 

marked "a” and “b” , It may be noted here that such a difference in inten- 

2 + 

sity has been observed in the spectrum of VO doped in NH^Al alum but 

2 

not in KAl (Chapter III) and RbAl alums , From the g and A values of the 

spectrum observed in the present experiments along the z-axis (at an angle 

of 9® from the crystallographic <100> direction in [llO] plane), one 

would expect a spectrum with values g = 1,938 and A = 190G and another 

with g = 1*%9 and A 78 G for the orientation in which H is parallel to 

the <100> direction. It is found th-’t the lines marked **a" yield the 

constants g = 1,938 and A = 190G and the lines marked "b” yield the 

constants g = 1,969 and A = 78G as expected, thereby confirming that these 

are the 9® and 90°+ 9^^ angular ports of the z-snectrum respectively. As 

a maximum spread of the lines occurs when H is parallel to a particular 

V-0 bond axis, the corresponding spectrum in Figure IV-II for ©ssfl'is 

11 

analysed by using equations appropriate for tetragonal symmetry and 
the g-values and the hyperfine constants are given in Table IV-I along 

r -12+ 

with those observed for (yOCHgOlgJ in other alums. It can be seen that 
the spin-Hsmi Itonian constants obtained in the present study are nearly 
equal to those observed for [VO(HpO)gJ in other alums given in Table III-I, 

24 - 34 * 

When VO ^ ion substitutes for a Ga ion, the deficiency of the 
positive charge is to be comoensated by the creation of a negative ion 
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vacancy or some other means. The present experiments indicate that the 
charge compensating site is probably too far from the VO ion to have 
any noticeable effect on the EPR spectrum of the ion. 

The existence of [vOCO,/) )gj complex hns been confirmed by 

24 * 

taking the optical absorption spectrum of VO in this alum. The spectrum 

consists of tv,’o bonds one at 12700cm and the other at l5200cm which 

12 

have been attributed, by Ballhausen and Gray t to the b^-^e,f and the 

[v 0(H20 From the second transition the 
Dq value turns out to be ^I520cro 


The optical absorption data can be correlated to the EPR data 
13 

by using the exitressions 


r 


^1- =9e 


1 « 


g„ 



I 

a 

AECbg-^ ejT ) 

2 

4 A cG 

AECbg-^ b*) " 


The expressions (1-oG ) and (1-7 ) are respectively the 
covalency rates of r- bonding between the vanadium ion and the equitorial 
ligands and of the -bonding between the vanadium ion and the vanadyl 
oxygen. 


By substituting , aE (bg"^ e^f )t AECb^-) b^) and 'X, 

2 2 

one can calculate the values of (1-oC ) and d-O' ) . The spin-orbit 

coupling constant A has. been chosen to be 170an'”^» due to the reason given 

2 2 

in chapter III. The values of (l-cC ) and (1-7 ) have been calculated and 
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are given in Table IV-II along with those values for KAl and NH^Al alums. 
As in KAl and NH^Al alums (Chapter III)t the covalency rates of bonding 
is found to be very much greater than that of JT-bonding in this alum. 

MAG alum has been found^^ to have a phase transition at 171°K 

24 * 

below which it is found to be ferroelectric. The spectra of VO in MAG 
alum has been studied in the. temperature range 300** to 77**K with a view to 
detect the effect of the phase transition on the EPR spectrum. But as in 
KAl and NH^Al alums (Chapter III) there is no essential change in the 
EPR spectra and the hyperfine constant' and the g-value are found to be 
essentially constant over the temperature range studied. 
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ABSTRACT 


2*f 

The electron paramagnetic resonance spectra of VO ion doped in 

KNOg and CsNOg single crystals have been investigated over a wide temperature 

range. Room temperature studies reveal that there is a very fast read- 
2+ 

justment of VO ion, in both crystals, which is manifested ’ in the 

presence of a single isotorpic octet, thereby exhibiting a low viscous 

’’liquid-like” nature. At low temperatures an anisotropic spectrum is 

2+ 

obtained due to the hindered rotation of the VO ion. The effect of 
CsNOg in hindering the rotation of vanadyl ion is found to be greater than 
that of KNOg. The linewidths at room temperature are found to depend 
upon the m^ quantum number, and an attempt is made to fit the linewidth 
data of the present study in the theoretical expressions of Kivelson. It 
is found that Kivelson's theory can qualitatively explain the observed 
variation of linewidth with nuclear quantum number m^, but the experimental 
data could not be fit quantitatively into the theory* 
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Introduction 

2 + 

l^e electron paramagnetic resonance (EPS) studies of VO in 

1 4+ 2 ?. 4+ 

TUtton salts and of V in Ti02 and GeOg indicate that V entering 

the lattice forms a strong covalent bond with one of the oxygens of the 
lattice and r> weak bond with five other oxygens forming a distorted octa- 
hedron. In all these cases there is a preferred orientation of V-0 
because of the bonding of with one of the oxygens of the lattice. On 

the other hand vSastry and Venkateswarlu"^ have recently reported from 

2 + 

thelr study of the EPR of VO in NH^Cl single crystal that there is no 

preferred orientation of V-0 bond in that crystal. The EPK studies of 

V-0 molecular ion in single crystals can thus be expected to give valuable 

information about the structure of the V-0 complex in such crystals. 

Further* it was felt that it would be also interesting to examine the 

applicability of the different paramagnetic relaxation theories developed 

for liquids to single crystal systems exhibiting liquid-like natnre,v'here1 n 

the V-0 bond has no preferred orientation. This chapter deals with the 
2+ 

EHi studies of VO in KNOg and CsNOg single crystals over a wide tem- 
per :tu re range. 


Theory 

A tetravalent vanadium ion with outer electronic configuration 

1 2 + 

3d exists in a most stable form as VO . The ground state splitting of 

?+ 

this V0“ ion under the crystalline field approximation is show iu 
Figure V-I, In a crystalline field of symmetry less than cubic(tetragonal 
or lower), the lowest level will be an orbital singlet and the EPil spectrum 
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o '>+ 

FIGURE ¥-1. Splitting of stnte of ¥0“ under the ecti on of 
crystalline fields, spin-orhit coupling, mgnctin 
field and hyperfine intoructi o*i. 'I’he degenorncy of 
each level is gix'en in brackets. 
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consists of a single fine structure line, wjiich further splits into eight 
lines due to the interaction with the V nucleus (1= 7/2). The EPR 
spectrum of VO"" molecular ion* in solutions is usually described by 
a spin- Hamiltonirn of the typo 


^ H S + g, (A (H S + H S ) + A I, S, + B(I S„ + I S„) ..(1) 

n % •y M V V v' "it H V V 


y y 


The Hamiltonian (1) can be solved in order to obtain the magnetic field 
resonance values. The magnetic field values are given by the relation^ 


H = Uq - Knij - B^(A^ + K^) [ I(I +1) - ] 

gp AIl^g^p^K^ 


,,2 _ 2 , 2 2 . 2 ^ 2 _ 2 

-(A - B ) g,^ sin e cos 0 

2Hq g P K. g 

where = g^ cos^0 + g^ sin^G , 

gp 

, „2 2 2 2 2 „2 2 .2 

and K g =; A g„ cos 0 + B sm e 

0 being the angle between the z-acis and the direction of the magnetic 
field. 


Experimental procedure 

24* 

single crystals of KNO^ and CsNOg doped with VO are grown 
by slow evaporation of saturated solutions of the corresponding nitrates 
to which 1 mole % by weight of vanadyl nitrate (prepared from a chemical 
reaction between Ag NOg and VDCI 2 ) is added as an impurity. The instrument 
used in these investigations is briefly described in chapter II, A 
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General Microwave 454A thermoelectric power meter is used to measure 
microwave power. 


Results and discussion 

T 1*6 

Potassium nitrate is known to have aragonite structure at 

room temperature and calcite structure above + 128*^0 with a probable 

8 

ferroelectric metastable phase in between them. Cesium nitrate is also 

^ 0 

known to have a phase transition at + 161 c which involves a structural 
transformation from trigonal to cubic symmetry, 

2 + 

The EPS spectra of VO in KNOg and CsNOg single crystals recorded 
at different temperatures are shown respectively in Figures -V -11 and 
V-III, The spectra recorded iit room temperature show isotrcpic octets 
and the llnewidths are found to depend upon the nuclear quantum number mj. 
These spectra are referred to « in this chapter, as ’’spectrum KKNOg)” and 
’’spectrum I(CsNOg)” respectively. As the temperature is lowered the 
linewidths are found to increase and it becanes difficult to recognize the 
lines in the KNOg crystal at -iSO^c and in CsNOg crystal at -70®c, An 
anisotropic spectrum appears to show up in CsNOg crystal at about -110c, 
while a similar spectrum shows up only at about liquid nitrogen temperature 
in the case of the KNOg crystal. These anisotropic spectra at liquid 
nitrogen temperatures are referred to, in this chapter, as^spectrum IKCsNOg) 
and ’’spectrum II (KNOg)” respectively. These spectra reveal the characteristi 
parallel and perpendicular components labelled as ” 3 ” and "b” in the Figures, 
though they are observed to be angular independent. The spectra I and II 
observed here in KNOg and CsNOg are very much similar to those obtained 
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FKO'tH ¥ - II EPS spftctra of in -it i-2r/’c, - -ml 

-196^0, Lines marked "n” are parallel trnnsirJons 
and lines marked "b** are perpend i'’u 5 ar tran‘;' lions* 
Some parallel and perpendirnl ar transitions ovcirlan 
in the central part of the spectrum at limp, I ’''trn.'jen 
temperature. The spectrum at ■i-2G*^c is refer •(•(! lo as 
spectrum I and the one at -196^0 as spoctriim i 1, 
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FIOT<E V-ITT. EPR spectrs of VO"”* in CsNO^ at +2o®c, -7. %, 

and <-l96°c. Lines marked ’’a” arc naraUcl t .-nnrM.ions 
and lines marked "b" are nerpendicnlar trims’ Ike 
existence of the anisotrOfilc spectrum can bi' scon at 
“110^ c (unlike in KNOj:^), Some parallel and tu!rp''n(l:i '•ular 

transitions overlr.p in the central part of the spectrum 

0 

at licfuid nitrogen temperature. The spectrum at 1-25 c 

0 

is referred to as specttim T and the one at -!% c as 
spectrum II, 
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for VO** in NH^Cl single crystal'*, it can also be seen that the room 

temperature spectra KKNO^) and ICCsNO^) of the present experiments are 

5 

similar to the one reported by O'Beilly for vanadyl etioporphirin(VEPI ) 
in benzene solution, while the spectra II(KNOg) and II(CsNOg) are similar 

to those of VEPI dissolved in high viscous oil and of solid asphaltenes 

5 1 2+ 

containing vanadium peirpHitts . Borcherts and Kikuchi reported for VO 

in poly crystal line Tutton salt a spectrum similar to the anisortopic 

spectra II obtained here. However the possibility of the formation of 

Polycrystalline samples at low temperatures in the present study is 

eliminated as the transformation from spectrum I to II is found to be 

reversible in CsNO„ as well as in KNO , 

3 3 

The above similarity of the features of the spectra obtained 
here with those of the spectra obtained for VEPI In low and high viscous 

media suggests that KNOg behaves essentially as a liquid for the rotation 

24 * 24 * 

of the VO ion. So all orientations of VO ion are possible and there 

can be readjustment of V-O bond axis from one orientation to another 

resulting in a random distribution of Y-0 bond axis. In the case, where 

the molecule is rotating with a shorter correlation time, the Hamiltonian 

5 10 

(1) reduces to an isotropic Hamiltonian with * 

= 4/3 Xg„ + 2g^ ) 

and Ap =4/3) (A + 2 B ) ,.,(3) 

Therefore the isotropy of spectra KKNO^) and I(CsNOg) at room temperature 
is probably due to the fast reorientation of the V-0 bond axis. Spectrum 
I is analysed for both crystals and the spin-fimniltonian constants obtained 
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are given in Table V-I* 

If the correlation time for the rotation of the molecule is 

sufficiently long, the Hamiltonian (1) remains anisotropic and it must 

be used with suitable average of the allowed transitions over all grien- 
5 

tations. 0*Reilly has obtained the eigen values of the Hamiltonian (1) 
by perturbation theory and calculated the resulting line shape for each 
value of mj for g H and B, The spectrum so obtained is similar 
to the spectra iKKNO^j) and IKCsNO^) shown in Figures V-II and V-III 
respectively. Due to the similarity of the spectra II with those in 
highly viscous solutions, it was felt that the anisotropic spectra are 

due to hindered motion of VO ion at liquid nitrogen temperature. Further 

11 1 2 1 ^ 

it is known * * that when the substance contains statistically oriented 

ions the resonance lines are distributed for each mj value, between two 
extreme positions which are characteristic of the parallel and perpendi** 
cular orientations. The parallel components are expected to be of 
••absorption type" and the perpendicular components are expected to be 
of "dispersion type". Spectra II (both in KNO^ and CsNOg) of the present 
study contain these parallel and perpendicular components designated as 
"a" and "b" respectively. It may be mentioned here that the existence 
and the shape of the spectra II have been ascertained by studying these 
spectra at different power levels (1 mWfO,32 mW and 110 |aW), The 

intensity of the spectra is found to decrease with the decrease of micro- 
wave power. However the relative intensities of the lines did not change 
showing clearly that there are no saturation effects that influence the 
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Table V-I 
2 + 

Spin-Haniltonjan constants for VO in KNO^ and CsNO^ single crystals 


Crystal 

Spectrum I 

Spectrum II 

KNOg 

= 1*^66+ 0.001 

g = 1.935 !- 0.004 

^11 m* 


A = 116.0+ l.OG 

0 - 

g_L = 1.974+ 0.003 

A = 199 + 2G 

B = 78+ 2G 

CsNO_ 

o 

= 1.*^64+ 0.002 

= 1.919+ 0.002 


= 115+ 2G 

0 - 

g, = 1.984+ 0.003 

A = 218+lG 


B = 67+ IG 
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lineshape and intensity. The anisotropic spectra II are analysed using 
the Hamiltonian (1) and the constants are given in Table V-I« 

It was pointed out earlier that the isotropic spectrum in 

CsNOg vanished at about c, and the anisotropic spectrum has started 

coming up at -ilO% while in KNO^ the spectrum I vanishes at -I30°c and 

the spectrum II comes up at liquid nitrogen temperature. This shovjs that 

2+ 

the motion of the VO ion is hindered at somewhat higher temperatures 
in CsNOg than in KNOg indicating that CsNOg is more effective in hindering 
the motion of the vanadyl ion than KNOg. In both crystal Sf as the tem- 
perature is Increasedi the intensity of the lines decreases and the 
spectrum becewes very weak above + 100*^c making it difficult to detect 
the effect of the phase transitions mentioned earlier. 

The spin-Hamiltoni an constants obtained for the spectra I and 
II in both crystals satisfy the equations (3) thus confirming the basis 

of the analysis. Though both crystals are having the oxygens in the 

24- 

lattice, the VO ion is not found to have any distorted octahedral 

coordination of oxygens which would have resulted in a preferred orien- 

2 T 

tation of the V-0 bond axis as in TiOg and . This may indicate 

that the bonding between the nitrogen and the oxygen atoms in the nitrate 
group is strong enough to overcome the formation of a distorted octa- 

4x 

hedron with the V ion. It is difficult to decide about the position 
of the VO ion in the lattice and also about the associated lattice 
defects, as the spectra studied are angular independent. It appears 
that the effect of the crystalline field is not explicitly seen any^^ere* 



82 


excepting in hindering 


the motion of the 


2+ 

VO ion at low temperature. 


Study of linewidths 


?+ 

As the presenf: EPR studies clearly indicate that V0“ in KNO^^ 

and CsNOg exhibit essentially a liquid like behaviour as far as the 

paramagnetic resonance and relaxation are concerned, it is felt that it 

would be interesting to examine the validity of the existing theories 

2 - 1 - 

of paramagnetic relaxation in liquids for VO in KNOg and CsNOg crystals, 

McConnell^^ has demonstrated a mechanism whereby the anisotropic 

nuclear hyperfine interactions can contribute to paramagnetic line broadening 

in solutions, and this broadening can arise from both spin«<»lattice relaxation 

14 

(Tj^3 and transverse relaxation (T*^) effects. Later Kivelson has shown 

that the linewidths will have a symmetrical dependence upon the nuclear 

2 

spin quantum number i,e, the linewidths will have a m^ dependence if 

there is isotropy in g-tensor but not in A-tensor. If the anisotropy 

in A is negligible (also in g) the linewidths do not depend on nij. If 

the anisotropies in both g and A tensors are appreciable, the lineividths 

are found to hpve an asymmetrical dependence on m^, i,e, a linear as well 

15 

as quadratic one, Rogers and Pake have shown that McConnell-4Civelson*s 

2+ 

theory can satisfactorily explain the spectra of VO in solutions. In 

15 

the notation used by Rogers and Pake « the expression for the linewidths 
is given by 



"Sl-Jz (a, + m^ ) 


*3 I 
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where = T^[(7/45)( + 63 b^/l 6 ] + K 

=2=-\f"/‘5)b A7 bJ 

and 83 = (b^/ 10 ) In which a7= -Y,, _ 1 ,.= ( p/h) (g,, - gj_ ) 

b =(2/3) (A - B ) and = h"? 

gp 

K is factor which takes into account the contributions from spin-orbit 
coupling , from interionic interactions and in general from all mechanisms 
not sensitive to nuclear orientation iBj, The expression for linewidths 
given above is valid, subject to the following conditions: 

I) The spectral lines are to be well separated so that the 
apparent linewidth will not be effected by the overlap of 
the tails of the adjacent lines* 

II) The Zeeman term is to be the largest term; 

III) The anisotropy of the g-f actor is to be small 
so that \‘ 1 \ ^ \ a ’ 1 \ 

IV) The lineshapes are close to Lorentzian. 

V) The effect of the interionic interactions and the spin- 
orbit interaction could be ignored with the understanding 
that such contributions to the linewidth may be manifested 
in an additive constant as mentioned above* 

The experimental linewidths are determined with the method 

15 

of Rogers and pake using the relation* 

2 

derivative height x(width) = constant. 
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This relation Is based on the assumption that the population diffei’ence 
between the different levels is small. Bie width of the line, for 
which the mdth is least among the octet of lines, is directly measured 
and the widths of the other lines are computed by using the above relation* 
The linewidth of the lines are not the same, l<'igures V-IV and V-V 
show plots of linewidth versus at +30% in KNO^^ and CsNOg respectively. 
These curves fit in very well with e'fuation (4) above, indicating clearly 

that the dependence of the paramagnetic relaxation in the case of 

2 + 2 + 

VO in I(NOo CsNO„ is similar to that of VO in solutions and this 

o o 

fact qualitatively confirms that Kivelson’s theory can satisfactorily 

2 + 

explain the paramagnetic resonance spectrum of VO'" doped in KNOg and CsFiOg 
single crystals. The constants ag and a^j are calculated from experi- 
mental data using the least squai-e method. The constants obtained for 
KNO. are a, =3*689G, =0.3622G, and a„ =0,18326, while those for CsNO„ 

are a, =2,940G, ao=0.3254G, and a^ =0.1179G 

By taking the values for ) (9„ ) and b=2/3CA - B) 

from low temperature data, one should be able to get the value of %if the 

expressions for a,, a„ and ao given by the theory hold good quantitatively. 

Using the low temperature values for^j^iand b an attempt is made to obtain 

the values of a^, and a^ in terms of at low temperature and at room 

temperature. However, it has been found that there is no agreement between 

the ratios of aj (which do not involve obtained from room temperature 

data and those from low temperature data. Here it may be mentioned that 

Kivelson also did not get an agreement in such a type of analysis by 

5 

using the data of O’Seilly for VEPI in low and high viscosity solutions. 
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FIjt]!\’E V-IV* Variation of IJnowdth versus nij, the uurlopr snin 

2 + . 

quantum number for VO in SiNO^ at tiie room temp'' •■•'tore 
(+5o” c). 



40 



■ 7/2 - 5/2 - 3/2 - 1/2 + 1/2 + 3/2 

TTli 



+ 5/2 + 7/2 
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FKUIE V-V . Variation of linewidth versus niji the nitclonr r;'‘1n 

Ol 

quantum number for V0“ in Cs^’0^^ nt the room tem- 
perature (+30°c). 




The variation of A7and b with temperature may contribute to such a 
disagreement but, however, this may not be considerable as the low tem- 
perature g„ » gj^ • A and g and the room tenperature and are found 
to satisfy the ef nations (3) , However there is a possibility that the 
temperature dependence of g,j and g_j^raay be such that + 2gj^ ) is 
nearly independent of temperature while (g^ »• ) is dependent on temperature, 

and similarly for A and B , 

As the temperature is lowered the linewidths are found to increase. 
The increase in the linewidth is probably to a large extent due to the 
Increase of the correla'ion time* 
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ABSTSiSCT 

2+ 

The electron paramagnetic resonance studies of VO doped in 
Na^'lOg and Ba(NOg)2 single crystals have been performed over a 
wide temperature range. At room temperature an isotropic octet exhibi- 
ting lUj dependence of linewidths Is obtained in all three crystals. As 
discussed in the earlier chapter this is thought to be due to a very 

24 - 

fast readjustment of VO tons which brings the system to an effective 

liquid with low viscosity. As the temperature is lowered below -20®c an 

2+ 

anisotropic spectrum is obtained for VO in NH^NO^ which is presumably 

2+ 2+ 
due to hindered rotation of VO ion. Conductivity measurwjents on V0“ 

doped NH.NO.J confirmed the earlier studies which reveal an increase in 
specific volume of the crystal below -IB^c. The hindered motion of vana- 
dyl ion below -20**c inspite of volume expansion is attributed to the 

- 2 + 

effect of oxygens of NOg ions on VO ion. The anisotropic spectra are 
observed below -80°c and -l96*^c in the case of Ba(N0g)2 and NaNOg respe- 
ctlvely, A comparison of the present results, with those of VO in 
KNO^ and CsNO., discussed in the earlier chapter, is made and the results 
are examined in relation to the recently reported low temperature phase 
transitions in these crystals, A probable phase transition around, 

-110**c in CsNOg is suggested. The mj dependence of the linewidths for 
the room temperature spectra is studied using Kivelson’s formalism. 
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Introduction 

Among the transition metal oxocationst vanadyl ion VO is the 
simplest and has been the subject of many optical and magnetic studies, 

1_<4 

CrystaJiographiCf optical and magnetic studies of vanadyl complexes show 
2 + 

that VO* always occurs coordinated to other groups both in the solid state 

and in solutions. A series of electron paran?gnetlc resonance (EPR) studies 

in a variety of single crystals has been taken up to study the structure 

of vanadyl complexes formed in different crystals and also to study the 

effects of temperature and phase transitions in single crystals on the 

structure of vanadyl complex. Earlier chapters describe the EPR spectra 
2 + 

of VO in potassium and ammonium aluminum alums, methyl ammonium gallium 

p-L 

(MAG) alum and KNOg and CsNOg single crystals. VO” is found to substitute 

trivalent ions in alians forming a stable ^OCHgO^gl^^complex. But in 

KNOg and CsNOg crystals, vanadyl ion is found to undergo a fast readjustment 

at room temperature, resulting in averaging of g and A tensors, giving 

rise to an isotropic spectrum with m^ dependence of linewidths. A similar 

5 , 

spectrum was reported earlier by Sastry and Venkateswarlu in the case 
2 + 

of VO in NH^Cl, Tlie motion of vanadyl ion is found to get hindered in 
these crystals as the temperature is lowered. The motion of vanadyl ion 
gets hindered nearly at ••30**c in NH^Cl, at -I96^c in KNO^ and nearly at 
-llO^c in CsNO«. The relatively high temperature (-30 c) at which the 
motion of vanadyl ion gets hindered in NH^Cl lattice is probably due to 

volwtie contraction associated with the order*»disOrder transition at that 

6 2 4 " 

temperature * The present chapter deals with the EPR studies of VO in 

ammonium, barium and sodium nitrate single crystals and is a continuation 
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2"^"* 

of the earlier chapter on the EPR work on VO in CsNO^ and KNOg which 
will be widely referred to in this chapter, 

.'tamoniuBi nitrate has phase transitions in the accessible temperature 

7 8 8 

range * and further the low temperature phase transition involves a volume 

expansion unlike in However, the motion of vanadyl ion is found to 

get hindered right below *20% inspite of volume expansion at that temperature. 

This necessitated the repetition of conductivity measurements of Brown and 

0 

McLaren and our results are found to be in agreement with those reported 
by them, EPR results of the present study suggest that the oxygens in 

NH.N0„ are orobably responsible for hindering the motion of vanadyl ion, 

4 a * 

The results obtained for BaCNOglg and NaNO, are discussed in light of the 

9 10 

recently discovered low temperature transitions in these crystals * • 

2+ 

Finally, the EPR ressults in all the VO doped nitrate single crystals 

so far studied are summarized and an attempt is made to determine the 
2i- 

position of VO in these crystals. 

Experimental procedure 

Single crystals of NH^NOg, BaCNOglg and NaNOg doped with VO^ ^ 
are grown by slow evaporation of the saturated solutions of the corres- 
ponding nitrates to which 1 mole % by weight of vanadyl nitrateCprepared 
from a chemical reaction between AgNOg and VOClg) is added as an impurity. 

The experimental set up used in EPR is briefly described in chapter II, 

2 Hh 

The single crystals of VO doped NH^NOg, used in EPS studies 
have been compressed under high pressure to form pellets and they are used 
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for electrical, conductivity measurements. The compressed powder pellet 
of 0,2 cms thickness and 1,2 cms in di.ameter is placed in beUveen two 
platinum foils and mounted between two brass electrodes. The temperature 
of the sample is measured by means of a NBS standard chromel-alumel 
thermocouple* The electrode assembly is placed inside a brass container 
which is connected to a vacuum pump. For measurements of conductivity 
as a functien of tempeyrature over the range +20^c to -0O^c the conduc- 
tivity cell is first cooled to liquid nitrogen temperature and then slowly 
allowed to warm up. The e.ra,f, of the thermocouple is measured by means 
of a multi volt potentiometer of Leeds and Northrop cat. No, 86% and the 
resistance of the sample is measured by means of a d*c. amplifier and 
electrometer 1230-A to which power is fed from a stabiliser. 

Theory 

2+ 

Tetravalent vanadium exists as vanadyl (VO ) and exhibits 
paramagnetic resonance absorption due to the single 3d electron present 
in the molecule. The anisotropic spectrum obtained in the present study 
can be interpreted in terras of the following spin-Harailtonian ivith axial 
synn.etry“. 

^ =9„ P "z \ p «x \ S,) +A l-Bd^ S^) ...<n 

In the case where the molecule is rotating about with a correlation 

time ) much shorter than the reciprocal of the spread of the spectrum 

c 

in frequency* the equation (1) reduces to an ’’isotropic*’ Hamiltonian 

C/{! a p S, S + a I, S. .,.(2) 
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where g^*(V3) (g^ + 2g^ ) and 8«(1/3){A + 2B), 

Results and discussion 
(a). Ammonium nitrate 


Aramoniam nitrate has been found to have the following phase 

7 ^3 

transitions' * 


•18° c. 


IV 


+32, 


►3 c 


in 


Tetragonal Orthorhombic 


+84.2 g 


"M25*2 Cx 
II ^ / I 


Tetragonal 


Cubic 


The structure of phase III is not clearly given in the literature. 

However, in dry solid only the transitions l 4 =:>II^=^ IV^V can take place, 

8 

The transitions involving phase III require the presence of moisture . 


(i) EPS studies 

The EPS spectra of in NH^NO^ recorded at different temperatures 
are shown in Figure VI-I , The spectrum recorded at room temperature which 
will be referred to as spectrum I consists of an isotropic octet showing 

dependence of linewidth, similar to spectrum KCsNO^ and KNO^) discussed 

2 4* 

in the earlier chapter. It is presumably due to a fast readjustment of VO 

molecule ion, resulting in the averaging of anisotropies in g and A tensors. 

As the temperature is lowered through the phase transition tonperature 
0 

(V > T.V) the spectrum I started loosing Its characteristic features. 

It can be clearly seen in Figure VI-I that at *<20%, the lines get broadened 
and the two high field lines are not seen, probably due to large linewidths 
at this temperature. These effects are more pronounced at -30*^ c. However, 
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24 * 0 0 

FIOTifE VI-I, EP<1 spectra of VO in NH^NOo nt +2r» c, -2'' o and 

0 0 

“Sr c. The spectrum nt f2F) c is I'cf erred to as 

spectrum I. It cm Ik clearly seen that the chnrartcfristic 
features of snectrim I starts dimini shi tip at o indi- 
cating the onset of hindered rotation which liecotncs more 
orononneed at «-r.O°c» 
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the characteristic features of the anisotropic spectrum are not seen until 

««. . 0 0 
• lO c. The spectra observed at >•20 c and *>30 c probably correspond to 

some intexmediate phase between the isotropic and anisotropic spectrat wherein 
the criterion for complete averaging out of g and A anisotropies is not 
satisfied, and at the same time the correlation time is not long enough 
for the parallel and perpendicular components of g and A tensors to be 
clearly shovm up. It appears that the onset of hindered motion comes in 
this temperature range. The appearance of anisotropic spectrum below 
shows the stabilization of hindered motion at that temperature. Figure VI-II 
shows a typical anisotropic spectrum recorded at ->80% and will be referred 
to as spectrum II, The lines marked "a” are parallel components and those 
marked "b" are perpendicular components. This is similar to the spectrum II 
discussed in the earlier chapter. The spectrum II (Figure VI-II) shows the 
characteristic features of a randanly oriented vanadyl ion, and its natuie 
Is confirmed by studying it at different microwave power levels. No satu- 
ration effects are observed. Spectrum I id analysed by using the isotropic 
spin-Hainiltonian (2) while spectrum II is analysed by using the spin- 
Hamiltoniand), The constants obtained are given in Table VI-I and they 
satisfy the equations 

a =(1/3)(A + 2B) and g^ s (1/3) (g^, ^ ) 

confiming the nature of the spectra. As the temperature is raised above 

room temperature, no changes in the spectrum have been observed except for 

the over all decrease in intensity. In the orthorhombic phase (IV) the 

linewidths are found to increase with the decrease of temperature which is 

12 

probably due to the increase of correlation time , 
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FTGUi^R VI-II. EPS spectrum of V0“^ in nt -9' °c. Linos m-rltf'd 

"n” are parallel transitions and linos marked "Ji” i>'-o 
perpendicular transitions, ‘^omo narnnol nnd "er*'on(l.i- 
cular transitions overlap in r.he central pnrt of the 
spectrum. This spectrum is referred to as sroctriun 11, 
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Table VI-I 
2 + 

Spin-Hwiiltonl an constants of VO in different nitrate single crystals, 


Crystal 


Spectrum I 


Spectrum II Reference 


KNO^ 

g * 1,966+ 0,001 

0 « 

a = 116,0+ l.OG 

mft 

g„ =1.935 •+ 0,004 

=1.974+ 0,003 

A = 199+ 2G 

B = 78+ 2G 

Chapter V 

CSNOg 

g = 1,964 + 0,002 

a = 115+ 2G 

m 

g„ =1.919+0.002 

=1,984+ 0..003 

A = 218+ IG 

B = 67+ IG 

m 

Chapter V 

NaNOg 

1,965+0,001 

mm 

a = 115+ IG 

g„ =1.947+ 0,001 

=1.974+ 0.001 

A = 218 + IG 

B = 67 + IG 

This chapter 

NH 4 NO 3 

.963+ 0.001 

0 m 

a = 116 + IG 

g„ =1,939+0.001 

0.001 

A = 206+ IG 

B = 72+ IG 

This chapter 

Ba(N0g)2 

g^=1.964+ 0.001 

a = 116 + IG 

m 

g„ =1.919+ 0.001 

gj^ =1,984+ 0,002 

A = 199 + IG 

This chapter 


B = 78+ IG 
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0 -f" 

As Bjentioned earlier, in NH^Cl the motion of VO gets hindered 
below the>^-point transition(noarly at -30°c) which is reported to be 
associated with anomalous lattice contraction which in turn is responsible 
for hindering the motion of vanadyl ion. The transition in arationium nitrate 
from phase IV to phase V involves a volume expansion. But the present EPS 
studies show that the motion of vanadyl ion gets hindered in phase V of 
NH^NOg inspite of the volume expansion and this looks rather paradoxical. 

Here it may be mentioned that the anisotropic spectra (spectrum II) for 

2 13 0 

VO in NaCl. KCl and RbCl are observed only below -lOO c . These crystals 

do not exhibit any low temperature phase transitons (nor they contain oxygens 

with whldivanadyl is known to readily from a distorted octahedron)* and 

2 + 

therefore the hindered motion of VO in alkali chlorides, can solely be 

attributed to temperature effect. This is similar to obtaining anisotropic 

spectra of (VO in f rotten solutions^ of 48% HF at -1%%, Therefore* 

the occurence of anisotropic spectrum at a fairly high temperature(-20**c) 

in the present case must be due to the effect of host lattice on the 

vanadyl ion. Since the volume expansion reported during the phase transition 

8 

is based on electrical conductivity measurements • it is felt necessary to 
study the conductivity of vanadyl doped ammonium nitrate. 

(ii) Conductivity measurements 

The electrical conductivity of doped ammonium nitrate powder 
pellet has been studied in the temperature range +20°c to c* The 

plot of conductivity versus 1000/T° K is essentially similar to Figure 5 

8 

of Brown and McLaren* s paper and is shown in Figure VI-III, Ibis shows 



104 


FIGURE VI-III. Tliie electricnl conductance os n function of ternncrutnre 

in 0 dried powder pellet of doped nmmonliim nit. rate ‘.honing 
the IV V transition. 
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2 + . 

positive ions, namely VO and 

4 

(b) Barium and sodium nitrates 

14 

Sodium nitrate is known to have trigonal symmetry . It has 

iS 0 

a gradual transition^^ in the temperature range +l50®c to +275 c. This 

transition has been found to have no phase change except for the initiation 

of rotation of the nitrate ion about the trigonal axis of the crystal, 

16 

Barium nitrate is reported to have cubic symmetry at room temperature. 

Low temperature phase transitions in alkali nitrates have been recently 

9 10 . 

reported by Fermor and Kjekshus • Further Fermer and Kjekshus discovered 
a gradual transition in Ba(NO«)« in the temperature range -*100% to -*55%. 

2 

The EPS spectrum of VO in NaNOg and BaiNOglg at room temperature 
is similar to spectrum I discussed above in the case of NH^NOg shoirfng 
the characteristic dependence of the linewidths. This 'shows that the 
motion of vanadyl ion is not hindered in NaNOg and Ba(N 0 g )2 lattice at 
room temperature. The anisotropic spectrum(cal led, spectrum IT following 
the earlier notation) reflecting the hindered motion of the vanadyl ion 
is observed below -80**c in the case of Ba(N0g)2» However, it is not seen 
until -I96°c in the case of NaNO«, Spectra I are analysed by using the 
spin-Haniltonian (2) and spectra 11 are analysed by using the spin- 
Haniltonian (1), The spin-Haniltoni an constants are given in Table VI-I 
together with those of other nitrates. 

(c) General comments 


The studies discussed above clearly show that the vanadyl 
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Ion is free to reorient its bond in CsNOgt KNO^, NH^NO^, NoNOg and 

Ba(NOg)^ and the motion is found to get hindered as the temperature is 

lowered. However, the temperature (T. , ) at which the nature of 

the spectrum changes from isotropic to anisotropic is not ssme in all these 

crystals and this temperature is characteristic of the particular crystal 

and therefore is expected to correspond to a physical property of the 

crystal. The values of T. , together with phase transition 

temperatures and other crystallographic data of nitrate crystals of the 

present interest are given in Table VI-II, As discussed in the earlier 

section, the temperature T, ^ ^ is found to coincide with the 

* iso am so 

/^-transition in NH^Cl, and the IV<^V phase transition in NH^NOg. Appa- 

0 0 

rently the reported phase transitions at -60 c and -30 c respectively in 

KNOg and NaNOg have no effect on the EPR spectra. The hindered motion 

of vanadyl ion In these crystals at -196% is purely a temperature effect. 

However higher values of Tj^^ aniso CsNOg and BaiNOglg 

show that these lattices become operative in hindering the motion of 

vanadyl ion. In Ba(N0g)2 as mentioned earlier Feraior and Kjekshus^^ 

O -.0 

observed a continuous phase transition in the range -100 c to -50 e, 

and the observed T. , ( -8o° c) in Ba(NO«).j is probably associated 

with this phase transformation, Hie hindered motion should come in either 

due to a lattice contraction associated with the phase transition similar 

to that in NHXl or due to reasons similar to those stated earlier in 
4 

the case of NH,NO«» The fomer seems to be less likely as no lattice 

contraction was reported in the low temperature transformations in nitrates 

9 

(thermal expansion of c-axis is reported In the case of KNOg) and the 
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nature of this transition Is expected to be same in all the nitrates. 

Therefore the mechanism of hindering the motion of vanadyl ion in 8a(N0g)^ 

is probably similar to that in NH.NO-. In both cases it is associated 

4 3 

with a phase transition of the crystal. T. . is nearly -fllO^c 

Iso -?■ ant so ^ 

for CsNO^ crystal. Actually the spectrum I in CsNO^ starts losing its 

characteristics right below -70*^c and spectrum II is stabilized at -110%, 

It is quite probable that this change in the spectrum is also associated 

with a phase transition in CsNO^ so far not reported clearly , Fewaor and 
10 

Kjekshus also found an indication of the phase transition for CsNOg 
in the range -100 to -30% and the present experiments give a stronger 
indication for that. The transition is probably of the order-disorder 
type similar to that in other nitrates and does not involve a considerable 
lattice contraction. 

Following is an attempt to get information about the probable 
position of vanadyl ion in different nitrate lattices on the basis of 

T, . value which is believed to be influenced by the oxygen 

1 SO ^ 0»1 so 

environment. Table VI-II includes the host lattices df VO ion « the 

transition temperatures T. . ^ the lattice constants t the metal- 

ISO -?aniso, 

18 ' 
oxygen distances r 's and the rate of variation of these distances with 

*1 o 

temperature(l/r^^^) (dr^_^/dT) , The values of r^_^ and(l/r^__^)(dr^_^g/dT ) 

given in table VI-II for CsNO^ are for cubic phase. These values h;)ve n<X 
been available for trigonal phase of CsNO^, Spectroscopic data shows 
a difference of 0,026 A in r^_^^ above and below the transformation point at 

n l9 4- * 

+ 161 c* Also it is reported that the positions of Cs ions, are very 
little altered during the process of phase transition. Therefore, the 
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Value of and (dr^_^^/dT) reported for cubic symmetry may be 

token to be nearly those for trigonal symmetry. 

The lattice constants, metal oxygen distances r *s in the 

x«»o 

case of KNOjj and NaNOg are smaller compared to those of CsNO^* On the 

other handd/r^j^^) (dr^_^/dT) is larger for NaNOg and KNOg compared to 

2 ^ 

that of CsNOg, Therefore if VO ion enters all these crystals in the 

sane manner, either substitutionally or interstitially, one ejqjects that 
2 + 

the motion of VO should be hindered easily in NaNOg and KNOgCi.e. at 
relatively high temp eratures) than in CsNOg due to the closeness of oxygens 
in the former case, which are presumably responsible for hindering the 

motion of vanadyl ion. However, this is contrary to the observed T. 

ISO ana, so 

values in these crystals. Therefore the present EPS studies suggest that 

2 + 

VO ion does not enter all these lattices in the same fashion, and probably 

it enters substitutionally in NaNOg and KNOg and interstitially in CsNOg, 

This can account for the higher T. ^ . observed in the latter case, 

iso -»aniso 

due to the smaller distance of separation from the oxygens compared to 
that in N^Og and KNOg, An extension of the above argument favours the 
interstitial position of vanadyl ion in NH^NOg and Ba(N0g)2 lattices also. 

Linewidth studies 

The linewidths for the isotropic spectrum are found to depend 

on the nuclear spin cpantum number mj. As discussed in the earlier chapter 

on VO in KNOg and CsNOg, and as in the case of NH^Cl, the linewidths are 

20 

found to satisfy Kivelson’s theory and obey the expression 
(l/T^) = +82 JOj +ag 
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The expressions for a^t ag and a^ are given in terms of correlation time 

21 . 

• gj_) and b = 5 ( 2 / 3 ) (A - B ) by Rogers and Fake , The 

linewidths are studied by using the above expression and the constants 

^1* ®3 obtained by the method of least squares, Ihese constants 

®1* ®2 Qfven in Table VI-III for different nitrates. The constants 

given in earlier chapter for CsSNOg and KNOg are also included for completeness. 

The agreement between the observed and calculated linewidths is satisfactory 

2 + 

but not perfect and a typical example of TO in NH^NOg is given in Table Vl-IV. 

From the spin-Hamiltonian constants obtained from spectrum II, 
the constants a^ and a, can be calculated in terms of • However , 
there is no agreement between the ratios of a*s obtained from room tem- 
perature and low temperature data. As pointed out earlier this may be due 
to the temperature dependence of and b, A better test for the applica- 
bility of Kivelson^s ecfiations in the present and similar cases can be 
made if the different principal values of the g and A tensors can be measured 
at room temperature itself. This can probably be achieved by applying an 
external electric field to arrest the motion of vanadyl ion at room tem- 
perature and thus destroying the isotropy. In competition with this effect 

the thermal motion disturbs the ordering so that only partial alignment 

22 

results, Hilbers and McLean ” could detect the electric field effects 
in NMR spectrum of nitrobenzene by using the electric fields of strength 
approximately 34kV/cm , By applying electric fields nearly of this order 
to the crystal in a direction parallel and perpendicular to the external 
magnetic field, probably it will be possible to obtain A» gjj and B, g_L 
respectively at room temperature, A comparison of the values of a*s 
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Table VI-III 

Constants, a*s , obtained from the linewidth 

. 24 - 

analysis of the EPR spectrum of VO in diffe- 
rent nitrate single crystals. 


Crystal 

®1 


®3 

R, M. S. error 

Reference 

KNO^ 

3.689 

0.362 

0, 1832 

0.49 

Chapter V 

CsNO, 

*J> 

2,940 

0.3254 

0,1179 

0.42 

Chapter V 

NaNOj^ 

3.344 

0.514 

0.1501 

0.41 

This chapter 

NH 4 NO 3 

3.206 

0.6132 

0,2805 

0.60 

This chapter 

BaCNOglg 

1.881 

0.420 

0.1241 

0.32 

This chapter 


Table VI-IV 


$ 


Linewidths of VO^*** in NH.NO_ 

4 3 


“I 

Calculated 
(in gauss > 

Experimental 
(in gauss ) 

-7/2 

24«46 

25.23 

•<5/2 

18.64 

18,47 

-s/2 

15.87 

16,29 

-1/2 

16.16 

16,51 

1/2 

19.49 

19.94 

3/2 

25.88 

26,11 

5/2 

35,32 

34,53 

7/2 

47,8o 

48,85 


R. M, S. Errors 0.60 
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obtained from A, B, and g^^ of the electric field experiment ivill 
unambiguously testify the applicability of Klvelson’s theory in the present 
case. 
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.Afr>T: ACT 

24 * 

The electron parampqnetic resonance spectra of Mn doped in 

fBumoniutn aluminum alum have been investigated with different concentrations 

24*, 2 ’'h 

of Mn ion over a wide temperature range. At low concentrations of Kn"* 

ion an isotropic sextet is obtained indicating thereby that the site 

- +• 2 + 
symmetry at Mn" ion is cubic. As the concentntion of Mn ion entering 

the lattice increases, an orthorhombic spectrum with its z-axis along 

crystallographic <110> direction, superimposed on a broad line is obtained. 

2 + . 

At higher concentrations of Mn impurity , some of the Mn tons form 

clusters the presence of which is indicated by a b/oad resonnnce. The 

2 + 

orthorhombic spectrum observed is due to Mn ions substituting probably 

+ h 

the NH^ ion and getting associated tvith a first neighbour Nil^ vacancy along 

a ‘(.IIQ)' direction. However, the cubic component of the crystal field is 

found to be predominant in the spin-Hamiltonian, which is presumably due 

2+ 

to the water octahedron about the Kn“ ion. The axes of the octahedron 

2 + 

surrounding the Mn ions are found to coincide with the crystallographic 

24 - 

axes indicating that the presence of Mn rotates the octahedron of waters 
so that the axes of the octahedron coincide v.-ith crystallograrhic axes* 



Introduction 


Electron poromognetic resonnnce (EPR) studies of trivaJent metal 

12 3 4 

ions in alums * '* * have been the subject of investigation from the early 

days of EPR, These tri valent ions have been found to substitute the trivnlent 

ions in alums. The recent report^ of EPR of the divalent ion VO^ in alums 

and the work described in chapters III and IV have given interesting results 

on the doping of divalent ion on the structure of alum lattice. This ion 
has also been found to substitute the trivalent ion in the lattice ore- 
sumably due to the possible formation of a stable [V0(H^0)^j complex. 

■nils chapter reports the first observation of the EPR studies of divalent 

2 (■ -r 

metal ion, Mn , substituting a monovalent site NH^ in ammonium aluminum 
(NH^Al) alum. 

Crystallography of alums 

6 

The structure of alums has been determined by Llpson and Beevers 

T 6 T 

and Lipson , These alums have been differentiated * as of three types, 

oC, p and T , depending on the size of the monovalent ion. NH^Al alum with 

its NH^ ion of intermediate size belongs to <C«*type of alums. The neutron 

8 

diffraction studies of the X-alum, K Cr (SO^lg* 12Hjp have shown that 

0 

one axis of the octahedral grouping is tilted by about 50 away from the 
perpendicular to the plane of the other two axes. No such information is 

available for NH^Al alum. Recently the structure of cC , sand ‘ttypes has 

9,10 ^ „ 11 

been reexamined by Cromer, Kay ^nd Larson and Larson and Cromer , 

A discussion of the structure of cC and p»aluras with special reference to 

5 

EPR studies is given by Manoogian and Mgclcinnon and in chapters III and 
IV, *7 -alums are found to form when the monovalent cation is small^*^ * 
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The only knoiirn example of this type of alum is NaAl(S0^)2.l2H20. In these 

alums both the monovalent and trivalent cations are surrounded by water 
9 

octahedra « as in other alums, TShereas the cubic axes of the octahedron 
surrounding the trivalent ion coincide exactly with the cubic axes of 
the unit cell in p-alums, and within a few degrees in oC-alums, the 
octahedron about the trivalent ion in 'l«^aluins is rotated by 39,4° about 
the three fold axis of the unit cell^^. The six water molecules approach 
the monovalent ion much more closely in 7»8lums than in oG -alums. The 
water octahedron surrounding the monovalent ion in 7-alums is distorted 
along the three fold axis of the unit cells^^. However the directions of 
the cubic axes of the water octahedron surrounding the monovalent ion 
relative to the cubic axes of the unit cell in p and 1-alums are not 
discussed clearly in literature. 

Experimental procedure 

The single crystals of ammonium aluminum alum doped with different 

2r 

concentrations of Mn ion are grown fay slow evaporation of saturated solu- 
tion of ammonium aluminimi alum to which MnSO^ is added as an impurity. The 
experimental details are briefly discussed in chapter II, 

Theory 

5 6 

Divalent manganese has 3d electronic configuration and S ground 
state « Such a spherically symmetric state can not be effected directly by 
crystalline electric fields. It has however long been known that a zero 

field splitting of this state does occur. Crystalline fields of cubic 

6 

symmetry split the S state into a doublet and a quartet. When a magnetic 
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field Is applied this degeneracy is removed resulting in the sextet Mg 

levels* There vdll be five fine structure transitions ( " +1) between 

S 

these six levels. When the strength of the cubic crystalline field is 
small, then zero field splitting between the doublet and quartet is small 

so that the five transitions occur at the s?mie frequency. Since the nuclear 

S5 

spin of Mn is 5/2 , each electronic level splits into six components, 

2 '^ 

This gives a six line spectrum for Mn in cubic fields. This spectrum 

can be described by a spln-Hsmiltonian containing only the Zeeman and hyper- 

12 

fine Interaction terms and can be analysed by using the magnetic field 

12 

resonance values given by Bleaney « 

2 ' 

When the crystalline field at the Mn ion is of symmetry lower 

6 

than cubic, like axial or orthorhmbic, the S state splits into three 

6 

Kraners doublets. This splitting of S state in the presence of cubic and 
lower symmetry crystalline fields and magnetic field is shown in Figure VII-I, 
In the presence of lower symmetry crystalline fields the five fine structure 

transitions in EPR occur at different freouencies. This results in a 

2 + • 

30 line spectrum for Mn ion in tetragonal or orthorhombic symmetries. 

Such a spectrum can be described by a spin-Harailtonian of the appropriate 

symmetry ** and can be analysed by using the resonance values of magnetic 

13 

field given by Watkins • 

Results and discussion 

The EPR experiments are conducted on NH^Al alum single crystals 

2 

having three different concentrations of Mn impurity. For convenience 
they are referred to as crystals -1,2 and 3, Crystal s-l are grown from 
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FIGUliE ¥II-I , Splittincj of ^3 state of Mn'*^ under tUo action oC 

crystalline fields, mannotic field and hyperfine 
interaction. 
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solutions contfiinlnr; 1 Jnole percent of lUn.^O^ by weight, Crystals-2 ere 
gronn from solutions contsining 5 mole percent of MnSO^ by w^eight, ond 
crystals-" ore grown from solutions contofning nearly 50 mole percent of 
R'n"0^ by weight, Specti'oscooic onolysis of these crystals has sliox'jn that 
the content of manganese in crystals 1,2 and 3 is 0.001, 0,5 and 0,01 mole 
respectively shoiving thereby that only a small fraction of the impurity 
added to the solution goes into the alum crystal. The crystals have i'’ell 
developed [ill] faces and are clear and transparent. The EPR of Mn"^ is 
in general weak in these crystals which is presumably because only a small 
amount of manganese could go into the crystals, 

'\ single isotropic sextet has been detected in crystal-! and 

2 + 

is shoxsn in Figure VII-II, When Mn enters NH^Al alum it can go in 

“h 34* 

substitutionally either at NH^ site or -t A1 site, When it substitutes 
either of the sites it is expected that it xvould be subjected to an octa- 
hedral crystal field superimposed by a slight trigonal component, if any, 

9 

due to the distortion of the octahedron surrounding the site it occupies . 

2 + 4 “ • 

chareje imbolpnce created by the subst itiition of Mn at the NH^ site 

Or 

or at the Al site is to be compensated. This is achieved normally by 

the creation of lattice defects like vacancies or extra ions. If this 

defect is nearer to the magnetic ion then the latter is subjected to a 

crystal field of lower symmetry depending on the position of the defect, 

Tf the defect is remote from the magnetic ion then the ion does not feel 

its presence and essentially the symmetry of the local crystalline field 

is reflected in the EPS spectrum of such ions. Therefore the single sextet 

2+ 

that is observed at room temperature in crystal-1 is probably due to Mn 
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FKnnE VII-II, EPR spectrum of crystal-l with mole percent 

2-f 

concentration of Mn ion in iNll^Al alum siinjlf crystal 
recorded at 4-25%. 
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ions which go substitutionaJly to either NH^’’ or ion, with the charge 

compensating site being quite remote from the Mn" ion. This spectrum is 

12 

described by the sptn-Harailtonian 


the solution of which gives the resonance field values 
Mn^*’ (1 = 5/2) 


S +I S ) 
X y y 


12 


in the ease of 


H=Hq • Amj - (B^/2 Hq) [(35/4) - 

The spectrum is analysed by using the above equations and the spin-Haniltonian 
constants are 


A =92 + IG and g =2.002 + 0.001 

It may be noted that the spectrum observed is cubic and does not reveal 

2 + 

the presence of any trigonal distortion at the Mn site. 


A broad line superimposed on the hyperfine sextet is obtained 
in crystal-2, The width of this line is about 175 gauss and the g value 
is 2,003, This type of broad resonance has been observed in alkali halides 
doped with Mn*^ and may be due to precipitated Mn ions*'’* * . 


In crystal-3 a thirty line spectrum superimposed on the broad 
reson.'nce is obtained. However the general intensity of this spectrum is 
very low. The angular variation of the spectrum shovjed that it consists 

of thirty lines at all angles and has a maximum spread along the 
crystallographic <110> direction. Figure Vlt-III shows the spectrum at 
^25°c, when the magnetic field is along crystallographic <110> direction. 
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FlaUliE vil-ni. EPR spectrum of crystal -3 with 0.' 1 !;iole tverccnt 

2 + 

concentration of Mn ion in NU^A] alum single crystal 
recorded at +25% when the magnetic field is along the 
crystallographic <110> direction. The lines marked "a" 
are the hyper fine lines of the fine structure transi- 
tion +5/2 <^+3/2 t those marked "b” are of +3/2 t+H/2, 
those marked ”c'* are of +l/2f>>~l/2, those marked "d” 
are of -3/2 ^ -3/2 and those marked ”e" are of 
-3/2 -5/2, Some of the hyperfine lines are overlapped 

by the DPITI signal. The unaccounted lines in the figure 
may correspond to some of the angular parts of the spectrum. 
The high field part of the spectrum is shown in page 131. 
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The 30-line spectrum obtained is found to be predominantly cubic , 
superimposed vdth a small distortion along a crystallographic <110> 
direction. This distortion, which probably arises by the presence of a 
lattice defect associated with Mn ion, is indicated by the maximum 
spread of the spectrum when His parallel to the <110> direction of the 
crystal. The lattice' defect and the observed spectrum can be understood 
if one assumes that the spectrum is due to Mn which substitutes 
and gets associated with a first neighbour anmoniwm ion vacancy along <110> 
direction, the presence of a vacancy being necessary for charge compensation. 

It may be noted that it would be difficult to visualize the required 

0 Hh 3 “i* 

lattice defect in the <.110> direction if Mn“ is assumed to substitute A1 

2 + 

In the crystal. Thus it appears likely that Mn responsible for the 

Hp 3 + 

orthorhombic spectrum goes in at the NH^ site and not at the kl' site. 

When the magnetic field H is along one <110> direction l.e. along the 

0 

z-axis of one ion, there are four z-axes which make about 60 and one 

which makes 90° with H, However these angular parts are not clearly seen 

in the spectrum shown in Figure VH-III, probably because of their low 

intensity and probably also because of the predominant cubic nature of 

the spectrum. There are a few weak lines unaccounted for in the middle 

of the spectrum shown in Figure VII-III and these may correspond to some 

of the angular parts. This spectrum is described by a spin-Eaniltonian 
„ 13,14,15 . 

of the type given in the next page* 
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+ <a/6) + Sg"* + $3^ - (1/5) S(S-S-1 )<3S^ + 3S - 1)] 

+D - (1/3) S(S+1)] 

«!» 

2 2 

+ £(3^“= - Sy'^) 

\ Sx ly Sy 

The solution of this H^iltonian gives the following magnetic field 

2 + 

resonance values for the allowed( aM =s + 1, =0) transitions of Mn 

H=*H^ « K fflj -(B^/2 Hq) [i(I+ 13 - mj + raj(2M-i)] f^, ^ j^_j(D.E,a3 

ri ^ I D ^ 2 n /u-O/ ^ 

Here K »A^ +Ay n^ +A^ , RQ = (h^/gp ) 

where H is the magnetic field at which the transition is observed, •>’ is 
the microwave frequency and 

f+5/2 ^ + 2D(3n^^ - l)+6E(n^^ - 

+ (1/Hq) [D^{l-n^^)(l-33n^^) 

+ E^ |6n ^ +33(n ^ n - 32} 

I z X y ^ 

+ 2DE(n ^ - n ^>(l + 33n,^)1 
X y z 


+ 2 p a 
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^ +3/2“^+ 1/2 f D(3n^^-1) :|.3E(n^^»*Ky**) 

+ (l/41L) [D^d-n ^)(21 b ^-5) 

V ^ z z 

+ E^|l6-36n^^-2l - «/)^} 

- 2DE(n ^ - n ^)(2ln ^+5)1 
X y z 

i (5/2) p a 

+ E^{8 - 12n ^ -9(n ^ - n ^3^1 
I z X y J 

- 2DE(n^^ - n^h i9n^ '-!)] 

where M and nij are the electronic and nuclear magnetic quantum numbers and 
2 2 2 2 2 2 

p Bsl-5(n^ Hg HhOg nj^+ Hg n^ ); n^^ n^ and are the direction cosines 

of the external magnetic field with respect to x, y and z axes while 
n^, Og and n^ are the sane with respect to cubic coordinate axes 1.2 and 3, 
The spectrum has been analysed by fitting it to the above equations and the 
spin-Hsmiltonian constants are 

g =2,003 +0.001 A =: -91+16 

X mm Z ^ 

a = 116 +16 D =s71+16 and E =10 +16. 

The existence of a single 30-line spectrum shows that there is a unique 

2+ 

orientation of the water octahedron about Mn * . with respect to crys- 

tallographic cubic axes. The cubic axes of the water octahedron about 
2 + 

Mn probably coincide with the crystallographic cubic axes. This would 

mean that if the axes of the octahedron of waters at the monovalent site 

in the NH.Al alum do not coincide with the cubic axes of the crystal, the 
4 

2 + . 

substitution of Mn at the site makes them coincide by a suitable 

distortion of the octahedron. Such distortions by the substitution of 

2 + 3 + 

VO at the A1 sites in alums have been reported in chapters III and IV. 
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The transitions shown in Figure VH-IH are assigned from the eon- 

t A 

si deration of the variation of hyperfine multiplets assuming that A is 
neg tive . In the spectrum shown in Figure VII-ITI the intensity of all the 
hyperfine lines in a fine structure transition is not equal though theoretically 
all the hyperfine lines are expected to have the same intensity. This type 
of intensity anomaly has been observed in Mn^^: NaCl^^ and Cr^^: MgO^^, The 
reason for this is not ouite clear, 

A possible formation of manganese anmoniura sulphate in crystals-3 

is tested by comparing the spin-flami Itonian constants obtained in the present 

study with those reported by Bleaney and Ingram for manganese ammonium 

sulphate. The general features of the spectrum and the spin-Hmniltonian 

constants of the present study differ from that of manganese aiRmoniiBn sul- 
phate reported by Bleaney and Ingram. This fa<-the;' suggests that manganese 

. 3 + 

ion goes substitutionally at site rather than A1 site. 

0 

As the temperature is raised from -180 c, i*e, fran the lower end 

of our temperature range, to + 100°c the intensity of orthorhombic spectrum 

increases, while that of the broad line decreases. The dissolution of 
2+ 

precipitated Hn ions with increasing sample temperature may be responsible 
for the observed increase in intensity of the orthorhombic spectrum with 
the increase of temperature. It is expected that there might be some variation 
of the crystal field parameters with temperature as observed earlier in 

*> I ■lO 

Cr ' in alums . However because of the lox« intensity of the spectrum 
obtained , particularly with the small crystals used in the variable temp- 
erature cavity, it was difficult to carry out a systamatic study of the 
variatim of crystal field parameters with temperature. Above -f 100% the 
crystal melts. 
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